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CHAPTER I 
INTRODUCTION 
The title of this thesis 'Measurements on superconducting films' 
will seem rather broad to the unprepared reader. It was chosen in order 
to indicate that some rather loosly related topics are studied. The 
three main subjects discussed in this work have in common that they 
refer to superconducting films; they are however concerned with rather 
different aspects of the phenomenon of superconductivity . 
In Chapter II, 'Pair-breaking effects in superconducting films', 
we will present measurements and theoretical discussions, on the far 
infrared absorption of superconducting films in a perpendicular mag­
netic field and in the so-called 'proximity effect' contact with a 
normal metal. 
In Chapter III, Ή ,, the superconducting nucleation field of 
wedge-shaped geometries', we offer theoretical calculations and ex­
perimental evidence for the existence of a new critical field in 
superconductors which have a wedge-shaped geometry. 
Finally, in Chapter IV, 'Depinning and the proximity effect', we 
study the property of depinning of vortices in a type II superconductor 
and the influence on it by the proximity effect due to a normal metal. 
I.1 Pair-breaking effects in superconducting films 
2 
Although discovered already in 1911 by Kamerlingh Onnes , it took 
until 1957 before the phenomenon of superconductivity was explained on 
the basis of a microscopic theory. The famous Bardeen-Cooper-Schrieffer 
3 
(BCS) theory laid the foundation for the understanding of supercon-
ductivity. The basic feature behind this theory is the recognition of 
the fact that a weak attractive interaction between electrons results 
in a formation of bound pairs of electrons. These so-called 'Cooper 
pairs', having equal but opposite momentum and spin, will be formed if 
an attractive interaction (like the interaction due to electron-phonon 
coupling) exceeds the Coulomb repulsion between the electrons. One of 
the consequences is the fact that a minimum energy E is required to 
break a Cooper pair, thereby creating two quasi-particle excitations. 
In the original BCS theory, this energy gap is given by E = 2Δ(Τ), 
where Δ(Τ) is the so-called 'superconducting order parameter', which 
measures the 'degree of superconductivity'. At Τ = 0, the order par­
ameter is given by Δ(0) * 1.76 kT , where Τ is the critical tempera­
ture of the superconductor. Because critical temperatures of most, 
ordinary superconductors lay between 1 and 10 K, this energy gap is 
in the far infrared regime (1 to 50 cm ) from a spectroscopic point 
of view. Unfortunately, the lack of powerful radiation sources in this 
part of the electromagnetic spectrum has delayed experimental in­
vestigations significantly. The first measurements of the absorption 
of far infrared radiation by superconductors were carried out by 
Glover and Tinkham in 1956. These experiments, showing a well-defined 
energy gap of the predicted magnitude, formed a beautiful confirmation 
of the BCS theory. 
Abrikosov and Gorkov (AG), in their theoretical investigation 
of paramagnetic diluted superconductors, found that paramagnetic im­
purities have a pair-breaking effect, resulting in a reduction of the 
order parameter Δ . Furthermore, they showed that the energy gap is 
not necessarily equal to 2Δ ; it is even possible that the supercon-
2 
ducting energy gap vanishes (E = 0), while superconductivity persists 
(Δ j4 0). This 'gapless' behaviour is common to all kind of pair-break­
ing situations, like superconductors in a magnetic field, supercon­
ductors carrying a current and superconductors in proximity effect 
contact with a normal metal. Maki and Fulde have shown that under 
certain conditions all these pair-breaking effects are equivalent, 
which means that they can all be described by the AG theory. Skalski, 
Betbeder-Matibet and Weiss used the formalism of the AG theory ex­
tensively to calculate several electromagnetic properties of a super­
conducting film in a pair-breaking situation, provided that the order 
parameter (assumed to be spatially independent) is known. Starting from 
their results it is possible to calculate the absorption of electro­
magnetic radiation by a superconducting film subjected to a pair-break­
ing mechanism. From the experimental side, information about the elec-
trodynamic properties of superconductors under pair-breaking condi­
tions can be obtained in measurements of the absorption of electro­
magnetic radiation; partitularly in the interesting far infrared 
regime. These measurements have been accomplished for superconductors 
8 
containing paramagnetic impurities and superconducting films in a 
9 
parallel magnetic field . 
We have measured the far infrared absorption of thin supercon­
ducting lead and niobium films in two different pair-breaking situa­
tions, i.e. in a perpendicular magnetic field and in proximity effect 
contact with a normal silver film. These situations can not be des­
cribed by the simple AG theory, because the order parameter varies in 
space. Therefore an extension of the AG theory is needed. 
It is well-known that a thin superconducting film in a perpen-
3 
dicular magnetic field behaves like a type II superconductor. Magnetic 
flux penetrates the film in small cylinders, called vortices, each 
carrying one quantum of flux. The order parameter Д(г) is equal to zero 
in the center of a vortex and rises to the bulk value at a distance 
considerably larger than the superconducting coherence length ξ. The 
coherence length ξ denotes roughly the size of a Cooper pair. This spa­
tial dependence of Δ causes the absorption to be also a function of 
position. We have used an idealized model for the spatial dependence of 
the order parameter in the vortex state so that we might calculate the 
absorption of the film on the basis of the AG theory. We find reasonable 
agreement between our measurements and these calculations. 
If a superconductor is in close contact with a normal metal, it is 
possible that some of the Cooper pairs leak over to the normal metal 
where they can induce superconductivity. Simultaneously, the 'degree of 
superconductivity', as measured by the order parameter Δ, is reduced in 
the superconductor. It is therefore possible to change drastically the 
superconducting properties of a film by bringing the film in good elec­
trical contact with a normal metal. This situation leads to the so-
called 'proximity effect'. Again, in this situation it is to be expect­
ed that a pair-breaking process takes place. We have measured the far 
infrared absorption of lead-silver proximity effect sandwiches, and we 
observe a drastic shift of the energy gap E . A theoretical model, using 
a constant Δ across the sandwich, failed to give quantative agreement 
with the experimental results. The more detailed form of the spatial 
dependence of Δ has to be taken into account. 
It has to be mentioned that in all these calculations the electron-
phonon interaction was assumed to be weak which is not strictly true 
4 
for lead and niobium and leads to additional complications in the 
theoretical interpretations of the results. 
We do believe that our measurements form a very interesting ex­
tension in the understanding of the physics of pair-breaking effects 
in superconductors. However, theoretical work should be done* taking 
into account the strong coupling character of the electron-phonon in­
teraction, the exact space dependence of the order parameter and non­
local effects in the electrodynamics, for a more precise interpretation 
of the experimental results. 
1.2 Η ., the superconducting nucleation field of wedge-shaped 
с ч 
geometries 
The existence of critical fields in superconductors has been known 
2 
almost as long as the existence of superconductivity itself . The 
critical field or nucleation field is defined as that field, where nu­
cleation of superconductivity starts to occur when the magnetic field 
is reduced from a value high enough to destroy all of superconductivity. 
The magnitude of this field depends on the material of the supercon­
ductor and its geometry. So-called 'type I superconductors' show one 
well-defined bulk critical field Η , while 'type II superconductors' 
have two bulk critical fields: the 'lower critical field' Η ,, and the 
cl 
'upper critical field' H _. Between H , and H „ a slow transition to-r r
 c2 с I c2 
wards the normal state takes place; this region is called 'mixed state'. 
12 
Saint-James and de Gennes have shown that even for fields larger than 
H . superconductivity is not completely destroyed: when the applied 
magnetic field is parallel to the surface of the superconductor, there 
will be a thin layer on the surface of the superconductor where nuclea-
5 
tion occurs at fields as high as 1.7 times Η ,. This phenomenon is 
called 'surface nucleation', and the associated field is the 'surface 
nucleation field' Η ,. 
c3 
It was clear from the discovery of H , that the presence of a sur­
face enhances the nucleation of superconductivity; therefore, it was 
tempting to suspect that this effect could be seen even better in a 
wedge-shaped geometry, where two intersecting interfaces are present. 
We have calculated the nucleation field of a wedge, called H ,, as a 
function of the orientation of the magnetic field and the angle of the 
wedge and indeed we have found that H , can exceed H _. Basically, s
 c4 c3 •" 
these calculations are a variational formulation of the nucleation 
13 
problem starting from the Ginzburg-Landau Gibbs free energy. Experi­
ments were then performed in order to investigate whether H . can be 
сч 
seen experimentally, and we have found some indications to answer the 
question affirmatively. The most convincing experiment is the measure­
ment of the angular dependence of the critical field of a wedge-line, 
simultaneously,with the same dependence for the 'bulk' of the film. 
Both experimental results could be compared with the angular dependence 
of H , and the angular dependence of the critical field of a thin film 
as calculated by Tinkham . It turned out that the experimentally ob­
tained 'bulk' critical field agreed very well with the Tinkham predic­
tion. On the contrary, the wedge critical field showed significant de­
viations from the Tinkham result, but agreed very well with our varia­
tional cai>_vlations of Η , . 
In conclusion, we think we have shown experimentally that wedge-
shaped superconductors behave differently than thin films, and that 
this behaviour can reasonably be described by our theoretical calcula-
6 
tions for H .. 
. c4 
1.3 Depinning and the proximity effect 
Thin films in a perpendicular magnetic field behave like type II 
superconductors. As a consequence, quantized vortices are present in 
the film when the magnetic field is such (H < H < H _) that the film 
is in the mixed state. An electric current through the film exerts a 
Lorentz force on the vortices tending to put them into motion. However, 
as long as this driving force is smaller than the so-called 'pinning 
force', the vortices will not move. This pinning force is a result of 
inhomogeneities inside the film; certain positions of the vortex array 
with respect to these inhomogeneities are energetically more favourable 
and therefore a force is needed to depin the array. It is the balance 
between driving and pinning force which determines when the vortices 
will move. If they move, they experience a viscous drag and the super-
conductor shows a resistance comparable to that in the normal state. 
When the vortices are on the verge of moving, with the onset of voltage 
there is an indication that the two competing forces are equalized. 
This balance can be used to study pinning effects in type II supercon-
ductors. The usual procedure is to sweep the Lorentz force and look for 
the initial force when depinning occurs. This Lorentz force is given 
by field times current, and it is possible to measure a depinning field 
H, or a depinning current I. as the field or current at which de-
14 
pinning takes place. Deltour and Tmkham have measured and calculated 
H, as a function of the angle between field and film and found a 
reasonable agreement. 
We have measured H, as a function of the angle between field and 
film for a superconducting Indium filn in proximity effect contact 
with a normal Zinc film. The main effect of the Zn film is to lower 
the order parameter in the In film and consequently the pinning force. 
Our measurements show that the angular dependence of the depinning 
field is not affected by the proximity effect, which can be explained 
14 in terms of the Deltour-Tinkham theory. Furthermore, we have found 
experimentally that the depinning field, measured at a fixed reduced 
temperature t = T/T (T refers to the sample under study) is depressed 
by the proximity effect. We are able to understand and analyze this 
behaviour with a simple model based on the Deltour-Tinkham theory. 
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CHAPTER II 
PAIR-BREAKING 'EFFECTS IN SUPERCONDUCTING FILMS 
II. I Introduction 
Since the pioneering theoretical work of Abrikosov and Gorkov 
(AG) it is well known that the physical properties of superconductors 
can be influenced by some external parameters such as paramagnetic 
impurities, magnetic fields, currents, proximity effect (a supercon­
ductor in close contact with a normal metal), etc. All these parameters 
are able to quench superconductivity and it has been shown, by Maki and 
2 
Fulde , that they have a common physical basis, i.e. the breaking of 
time-reversal symmetry. 'Normal' perturbations (like non-magnetic im-
3 
purities ) , which leave the Hamiltoman invariant under a time-reversal 
operation, hardly change the superconducting properties at all. The 
situation is drastically different if the perturbations are such that 
the Hamiltonian is not invariant under this operation; then the simple 
Cooper-pairing scheme is no longer adequate and one has the so-called 
'pair-breaking effect'. These pair-breaking parameters are able to de­
crease the critical temperature Τ and the critical field Η , increase 
с с' 
the electronic specific heat and drastically change the electronic ex­
citation spectrum. All of these properties can be used to study the 
influence of pair-breaking effects on the behaviour of a superconductor; 
however, thermodynamic properties like Τ , Η or specific heat do not 
give direct information on microscopic aspects of superconductors. More 
direct measurements of the electronic excitation spectrum and its be­
haviour under the influence of external parameters seem more interest-
10 
ing for testing the underlying microscopic theory of these effects. 
The most frequently used technique to study the excitation spec-
trum of superconductors is the tunneling effect method, discovered by 
4 
Giaever in 1960. This method, which gives directly the electronic 
density of states, has been used extensively in investigations on the 
influence of pair-breaking effects. Adkins and Kington (and many other 
workers) have measured the influence of the proximity effect contact 
of a normal metal on the energy gap of a superconductor. Woolf and 
Reif examined the proximity effect of a magnetic overlayer and the 
influence of paramagnetic impurities on the density of states. 
Millstein and Tinkham studied the excitations of a superconducting 
film in a parallel magnetic field. The agreement between all these ex-
perimental results and the extended AG theory is very good. 
Information on the excitation spectrum of a superconductor may 
also be obtained using far infrared spectroscopy. Even in 1956, before 
8 Giaever's tunneling experiments, Glover and Tinkham used this powerful 
technique to directly measure the energy gap of a superconductor. How-
ever, theoretically as well as experimentally, far infrared spectros-
copy is considerably more involved than tunneling. From the theoretical 
side, because the response of a superconductor to high frequency elec-
tromagnetic radiation is determined not only by the density of states 
alone but also by transition matrix elements and coherence factors. 
From an experimental point of view, because the very low intensity 
available in the frequency region of interest, necessitates the use of 
very sensitive detectors. However, far infrared spectroscopy gives con-
siderably more information about the microscopic properties of super-
conductors than tunneling and is most valuable to test detailed 
11 
theoretical predictions. Due to the experimental difficulties, far 
infrared spectroscopy hag not been used widely in the examination of 
9 
pair-breaking effects. Dick and Reif have measured the far infrared 
absorption of a superconductor containing paramagnetic impurities, 
while the absorption of thin films in parallel magnetic fields was 
examined by Martin and Tinkham 
Hence, there remain some pair-breaking effects which have not been 
studied by far infrared spectroscopy until now. It was the aim of the 
present investigations to fill this gap and to measure far infrared 
absorption of superconductors in two different pair-breaking situations. 
We have measured the far infrared absorption of thin superconducting 
films under proximity effect conditions and in a perpendicular magnetic 
field and we have compared the results with existing theories. We will 
first discuss the electrodynamics of thin metallic films in order to 
derive expressions for the electromagnetic absorption of these films 
in terms of the complex electrical conductivity (see section II.2). 
In section II.3, an outline will be given of the AG theory, which leads 
to the complex electrical conductivity of superconductors in pair-
breaking situations. Combining sections II.2 and II.3 it is then pos-
sible to calculate the absorption of a thin film under the influence 
of a pair-breaking perturbation. The experimental details, like the far 
infrared source and detectors, the sample preparation and the far in-
frared data reduction scheme are considered in section II.4. In section 
II.5, experimental results of the measurement of far infrared absorp-
tion by simple Pb films will be presented. The results will be compared 
with the theoretical calculations of section II.2 using two different 
expressions for the complex conductivity; first, we consider a weak 
12 
electron-phonon interaction; then we take into account the actual 
strong-coupling character of the electron-phonon interaction. As might 
be expected the strong coupling case gives a reasonable fit to the ex­
perimental results. Finally, the far infrared absorption of supercon­
ducting films in a perpendicular magnetic field and under proximity 
effect conditions will be the subject of sections II.6 and II.7 respect­
ively. It will become clear that the results can not be explained by 
the simple AG theory, because of the spatial dependence of the order 
parameter in both situations. However, by using a very simplified model 
for this spatial dependence and extending the AG theory, we are able 
to explain the experimental results at least qualitatively. 
II.2 Electrodynamics of a thin metallic film 
In this section we will derive explicit expressions for the elec­
tromagnetic absorption, reflection and transmission of a thin metallic 
film in terms of the complex conductivity σ. Although this problem is 
rather old, there seems to be a lot of confusion on the subject and it 
is worth-while to analyze the situation in some detail. We will follow 
a concept due to van Gelder 
The experimental situation we would like to analyze theoretically 
is given by a metallic film (-d < ζ < 0) located on the rear side of a 
substrate with an index of refraction n. For the present we assume the 
substrate to be a semi-infinite halfspace (z > 0), the opposite side 
of the film being bounded by a vacuum (z < -d). An electromagnetic wave 
at ζ > 0 arrives at the surface ζ = 0, is reflected (z > 0 ) , trans­
mitted (z < -d) and absorbed. We assume normal incidence of the radia­
tion, so the electric and magnetic fields E and Б are parallel to the 
13 
surface of the film. If the components Ε (ζ) and Β (ζ) of the incident, 
χ у 
reflected and transmitted waves are denoted by Ε , Β , E , В , E and 
В respectively, one has according to Maxwell's equations in non-
j +• A - 1 2 
conducting media 
Ε ^ - ϋ Β
1
 Ε
Γ
= ^ Β
Γ
 E' - - св' (II. 1) 
η η 
Inside the metal, the response of the system to an electromagnetic 
field can be described by a Hamitonian, which we will assume to be 
invariant for reflections around the midplane of the film (z = -all). 
This assumption is obvious, because of the geometrical symmetry of the 
situation. Therefore, Maxwell's equations inside the film have two in­
dependent solutions; one is even (denoted by Ε (ζ)) and the other is 
odd (denoted by Ε (ζ)) around ζ = -d/2. Let E , В , E and В represent 
the values E (0) and В (0) at the plane ζ = 0 of the even and odd modes 
χ у 
respectively. The boundary conditions require continuity of E and В at 
ζ = 0 and ζ = -d, which implies 
E 1 + E r = E + + E~ (II.2) 
E ' = E + - E~ (II.3) 
B 1 + B r = B + + B~ (II.4) 
Ъ
1
 = B + - В" (II.5) 
Using Eq.(II.l) and the Maxwell equation inside the film: 
^ Ε
χ
(ζ) = iUBy(z) (II.6) 
14 
we are able to replace all the B's by E's and we can transform Eqs. 
(II.4) and (II.5) into 
- E 
с 
+
 2. E r = J- £ - E"(Z)i . + J- (f- E+(z)) . (II.7) 
с ιω
 Kdz χ '-'z^ O ιω vdz χ ' z=0 
- Ú = J- (1-
 E-(Z)) - J- (f. E+(Z)) n (II.8) 
с ιω d^z χ J z-0 ιω d^z χ ^ z=0 
where one has to realize that the even modes are connected to the spa­
tial derivatives of the odd modes and vice versa. By defining the func­
tions F (ζ) and F (ζ) as 
E+(z) _ E'(z) 
F+(Z) = -3 2 F (ζ) = —, 5 (ц.g) 
èV2>U ^V z ))z=0 
and letting F = F (0), F = F (0) and к = ω/c, we get 
+ 
Е
Г
 - E 1 = - £ — - + - 1 — - (11.10) 
inkF inkF 
Е
С
. - 5 І - - 1 1 (и.,.) 
ikF ikF 
The equations (II.2), (II.3), (11.10) and (11.11) have to be solved 
simultaneously; one gets as a result 
EV- _ ikF+ - |kF" ,
 r
 (11.12) 
к F F + i (I + -)(ikF + ikF ) - -
η η 
k2F+F~ + J(l - -)(ikF+ + ikF") + i 
E'VE 1 = -^— -γ τ 1 7 (11.13) 
к F F + Hl + -)(ikF + ikF ) - -
' η η 
15 
With the help of these quantities we find the transmission T, and the 
reflection Rf of the film as 
T f - 1 I E V E
1 ! 2 Rf = ІЕ^Е
1! 2 (11.14) 
In order to find the transmission Τ and the reflection R of the 
complete sample consisting of the film and 'the substrate, we have to 
take into account that the substrate is not a semi-infinite halfspace 
but has a finite thickness and an interface to vacuum. At this vacuum-
substrate interface, transmission Τ and reflection R. are given by 
well-known equations 
Τ
.--Γ7Τ2 R. = Ö 2 ( Ι Ι · 1 5 ) 
(n+l) 
The transmission Τ and reflection R of the complete sample will be the 
resultant of the transmission and reflection at this vacuum-substrate 
interface and at the film, taking into account the effect of multiple 
reflections between the two. The absorption of the substrate, which 
is known to be very small for our quartz substrate in the frequency 
13 
region of interest , can be neglected. One gets the familiar result 
T T Τ 2R 
1 1
 - - R, + , ' (11.16) 
1 - RjRj 1 1 - RjRf 
Due to the wedge-shaped geometry of the quartz substrate, interference 
effects in the substrate can be neglected. Finally, we obtain the ab­
sorption of the complete sample by 
A « 1 - Τ - R (II.17) 
16 
It is now possible to calculate the absorption of a metal film on a 
substrate using Eqs. (11.12) to (II.17), provided that F and F are 
known. These quantities can be obtained by solving explicitly Maxwell's 
equation in the metal film: 
A2 2 
d ω_ 
л
 2
 2, 
dz с ' 
Ε
χ
(ζ) = - ίωυ
ο
3
χ
(ζ) (II. 18) 
In order to do so it is useful to define a spatial Fourier transform 
E (к ) of the electric field Ε (ζ), according to 
χ η χ " 
? W = 2 J d z cos(k
n
z)E
x
(z) (11.19) 
_d 
where к = η (2iT/d) , (η integer for the even mode and half odd for the 
odd one) and a similar relation for the current-density j (z). When the 
Maxwell equation (11.18) is multiplied by cos(k z) and then integrated 
η 
between -d and 0, one has 
( k
n
2
 -
 k 4 < k n > = ^ А ( к п > + * & EJz=0 i 1 1 · 2 0 * 
where к denotes ω/c again. For the case of electrons specularly re­
flected at the boundaries (i.e. mirror symmetry of the Hamiltonian with 
respect to the plane ζ « -d/2),the usual linear response theory gives 
the following k-dependent relation between current-density and electric 
field: 
3 >
η
) = a(kn)î!x(kn) (II.2,) 
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Substituting this in Eq. (11.20), one gets 
(kn2 - k 2 - i.V(kn))î:x(kn) = 4(Jj Ε
χ
)
ζ = 0 (11.22) 
This gives the Fourier components E (к ) a s : 
σ
 χ η 
èx(kn> = *(fï EJz=0 / К' - k 2 - і и <к„>) ( Ι Ι · 2 3 ) 
Knowing the Fourier components E (к ) of the electric field Ε (ζ), it 
is easy to find Ε (ζ) itself by means of the inverse Fourier transform: 
Ε
χ
(ζ) = (.2d)~] l cos(knz)èx(kn) (11.24) 
In order to obtain F and F , it is sufficient to know E (0), which 
satisfies 
E (0) - (2d)'1 l Й
х
(к ) (11.25) 
From Eqs. (11.23) and (11.25) we have 
2 , 2 . ., о "I 
FÍO) = Ex(0)/(|j Ε
χ
) 2 . 0 = f l ІЪп<-Ъ£-і* оо(кп))-1 (11.26) 
Separating the even and odd terms, F and F become 
F +
 " Ι Σ (kW-ioni o(k ))"' (11.27) 
η integer 
F
" ° d ^ l \ "к -iwu
o
c(k
n
)) (11.28) 
n——» 
η half odd 
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The frame of equations (11.12) to (11.17), (11.27) and (11.28) gives 
the absorption of a metal film on the rear side of a substrate, under 
the following conditions: 
1. Spatial symmetry of the Hamiltonian in the film. 
2. Normal incidence of the radiation. 
3. Specular reflection of the electrons at the interfaces. 
In principle it is possible to calculate the absorption by means of 
this framework, but this is a formidable task. The Fourier components 
of the conductivity a(k ), which appear in Eqs. (11.27) and (11.28) 
are given by an awkward expression in the case of a normal metal and 
an even more complicated integral expression for a metal in the super­
conducting state. We will simplify the situation and limit ourselves 
to the dirty or local limit, which is valid when the mean free path I 
is much smaller than the skin depth 6. In this limit, the Fourier com­
ponents a(k ) become small enough to justify the neglection of the 
2 
ιωμ с" •* term in Eqs. (11.27) and" (11.28) with respect to к , except 
ο η 
2 2 
for η • 0. If we also neglect к with respect to к , which is jus­
tified in the frequency region of interest, we get in the place of 
Eqs. (11.27) and (11.28): 
F+ - . 2 І ,., + 1 (11.29) 
diijy σ(0) 6 
F" = | (11.30) 
Now the framework of equations has become simple enough to enable 
numerical calculation of the absorption without great mathematical 
difficulties, however without giving much physical insight either. 
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Therefore, we will make some additional assumptions, which are not 
unrealistic and which cause the framework to condense into one simple 
equation. Let the refractive index of the substrate be equal to 1, 
which means neglecting the substrate entirely. In that case, we get in­
stead of Eqs. (11.12) and (11.13) 
E t/E i = 1(Y" - / ) E W = - |(γ' + / ) (11.31) 
where 
γ+ =
 і_^шС
 γ
-
 =
 i^j^
 (II<32) 
1 - ikF 1 - ikF 
The absorption A of a sample, originally given by Eqs. (11.12) to 
(11.17), is now represented by one single expression 
Α = ΐ - 1 |
γ
+ | 2 - 1 |
γ
- | 2 (11.33) 
In the l i m i t |kF \<i Eq. (11.33) can be w r i t t e n a s : 
A= 2k Im(F+ + F") (11.34) 
Substituting F and F from Eqs. (11.29) and (11.30), we get: 
о 
Usually, the microscopic theory gives for the superconductor a complex 
conductivity σ (0)="σ.-ίσ2, while in the normal state the conductivity 
σ can be considered as real and frequency independent in the region 
of interest. We therefore get for the ratio of the absorption in the 
superconducting and the normal state the well-known result : 
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σ,/σ 
A M - f- =• (11.36) 
s n
 (o./a)¿ + (σ,/σ
η
) 2 
I n ¿ η 
Eq. (11.35) is the final result for the absorption A of a thin film, 
and Eq. (11.36) gives the absorption ratio A /A of this film. Let's 
summarize again the restrictions under which these formulas are Valid: 
1. Spatial symmetry of the Hamiltonian in the film. 
2. Normal incidence of the radiation. 
3. Specular reflection of the plectrons at the interfaces. 
4. Local electrodynamics (l<6). 
5. Substrate negligible (n= 1). 
6. |кК Т|«1. 
The question is now if these restrictions are satisfied in our experi­
ments. This question has to be answered point by point. We do not know 
how the electrons are reflected at the interfaces, so the correctness 
of conditions 1 and 3 can not be tested; however, it is generally 
believed that these conditions are not very essential in the case of 
short mean free paths. The effect of non-normal incidence of the radia­
tion has been estimated by Ginsberg and Tinkham to be less than 2% 
for a f/1.5 optics, where the maximum angular deviation from normal 
incidence is about 18°. The f-number of our monochromator is f/2, which 
means a maximum off-axis angle of only 14 . So the effect will be even 
smaller in our case and we can neplect it entirely. Restriction 4, 
requiring local electrodynamics, has to be checked for every individual 
film. Condition 5 is not fulfilled in our situation, because the index 
of refraction of our quartz substrate is equal to 2.1 in the frequency 
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region of interest . However, numerical calculations using the correct 
value of n, show that although A and A are changed significantly, the 
ratio A /A is almost independent of n. So this condition is probably 
not too stringent. Finally, condition 6 appears to be fulfilled for 
our experimental situations. 
In this section we have developed a set of equations to calculate 
the absorption of a thin metallic film. However, Eq. (11.36) will be 
used throughout this work to calculate the absorption ratio, mainly 
because of the simplicity and transparency of this equation. 
II. 3 The theory of pair-breaking effects 
From a theoretical point of view, the problems around pair-breaking 
effects in superconductors are solved, at least in principle. It is 
now generally believed that the modern theory of superconductivity as 
formulated in terms of the Green's functions by Gorkov is able to 
explain all experimental results up to the highest level of sophistica-
tion. However, due to the very many mathematical difficulties involved, 
the 'in principle' means that very many results are not available in 
explicit form, although the system of equations to be solved is known. 
An excellent review on the theory of pair-breaking effects in super-
conductors is given by Maki 
Studies in the field of pair-breaking effects were initiated by 
Abrikosov and Gorkov with their theoretical investigation of the in-
fluence of paramagnetic impurities on various properties of supercon-
ductors. They found that paramagnetic impurities break time reversal 
symmetry essential for the existence of Cooper pairs, which is well-
known to be fundamental for superconductivity. The most striking con-
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sequence of this symmetry breaking is the fact that in contrast to the 
BCS theory, a distinction has to be made between the energy gap in the 
excitation spectrum E and the 'degree of superconductivity' as measured 
by the pairing potential Δ. For a certain range of impurity concentra­
tions the superconductor is in the 'gapless state'; this means that the 
energy gap E is equal to zero while there is still superconductivity 
(Δ^Ο). 
Gradually it became clear that this gapless situation is not even 
very unusual. If the phase-transition of a superconductor to the normal 
state in the presence of a perturbation is of second order, then the 
superconductor goes into a gapless state before becoming normal. All 
the pair-breaking effects induce such a second order transition. Let 
us enumerate the most important ones: 
a. Superconductors containing paramagnetic impurities. 
b. Thin superconducting films in a parallel magnetic field. 
c. Type II superconductors close to Η .. 
d. Superconductors under proximity effect conditions. 
2 
It has been shown by Maki and Fulde that under certain conditions all 
these pair-breaking effects are equivalent, which means that they can 
all be described by the Abrikosov-Gorkov theory. Thermodynamics as 
well as the more microscopic properties are identical when expressed 
in terms of one pair-breaking parameter, which of course has to be de­
fined differently in each situation. In the situation a, the case of 
the paramagnetic diluted superconductors, this parameter equals the 
relative impurity concentration n/n (n denotes the critical con-r J
 СГ cr 
centration where superconductivity disappears); in the situation b, a 
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superconducting film in a parallel magnetic field, the pair-breaking 
2 
parameter is (H/H .) (H . is the parallel critical field). For the 
CD СII 
situations с and d, the definition of the depairing parameter is more 
involved. It should be noted that the equivalence of the different 
pair-breaking mechanisms is only true in the situation where the mean 
free path A is small compared with the coherence length ξ. As has been 
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shown explicitly by Strässler and Wyder , the equivalence of all these 
pair-breaking effects and their analysis in terms of one single para-
meter breaks down as soon as SL is comparable with ξ. 
Because of the equivalence of pair-breaking effects, the Abrikosov 
Gorkov theory is generally applicable for all these effects and we will 
present an outline of this theory as elaborated by Skalski, Betbeder-
19 Matibet and Weiss 
20 The Gorkov equations in the presence of random non-magnetic 
scattering centers can be written in standard notation (with h =k e 1) 
В 
.(ίω - íOG^.Í') + ^ FJÎ.Î') = δ(? - ?') (11.37) 
(ίω + Η*)Ρ
ω
(г,г') + ДС
ш
(г,г') = 0 (11.38) 
S =
 ω
 + _L С
ш
(?,?') (11.39) 
Δ = Δ + ± Ρ
ω
(ί,τ') (11.40) 
and: 
Ш 
Δ = gTT F (ΐ,?') (11.41) 
η»0 η 
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In these equations. G and F are the Fourier transforms of the Green's 
ω ω 
functions G and F; H is the full Hamiltonian of the electrons, which 
includes their interaction with non-magnetic impurities; g is the inter­
action constant of the electron-phonon interaction; ω •= (2η+1)πΤ, where 
Τ is the temperature; and τ = ί/ν where Î. is the mean free path due to 
impurity scattering and ν,, the Fermi velocity. 
г 
The influence of paramagnetic impurities can be described by means 
of a perturbation Hamiltonian 
H i m p(?) - Ϊ ÍVjtf-R.) + ν2(ΐ-1)?.·1} (11.42) 
where R. denotes the position of impurity i which has spin S., and г 
is the position of an electron with spin operator s. The first term in 
Eq. (11.42) represents the collisions without spin exchange and would 
be the total Hamiltonian for non-magnetic impurities. The second term 
describes the collisions where an interaction between spins takes place 
and a reversal of the electron spin is possible. The functions ν and 
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v- are assumed to be δ functions. Maki has shown that in the very im­
pure limit (τΔ + O, i.e. £/ξ-»Ό) , the renormalized frequency ω and order 
parameter Δ are given by the following pair of self-consistent equa­
tions: 
» -
 Ш + І Г 1
 Л
2 % 2 Л ( Ι Ι · 4 3 ) 
(ω - Δ ) ' 
*
 = Δ + І Г2
 Л
2 % 2 Л ί " · " ) 
(ω - Δ ) 
Where Γ. and Γ. are given by 
25 
ИГ, + Г2) = η
1
πΝ
ο
<|ν1|2> (11.45) 
¡(Г, - Г2) = n\rNo<|v2|2>iS(S + 1) (11.46) 
Here η 1 is the impurity concentration and N is the density of states 
at the Fermi surface. When we introduce 
u-u/X (11.47) 
and the famous depairing parameter: 
r-Fj-Tj (11.48) 
the pair of equations (11.43) and (11.44) can be simplified to: 
uA ' ω + ІГ — γ - ^ τ- (11.49) 
(и - I)1 
In the following we will assume that the temperature T»0; this sim­
plifies the calculations considerably and corresponds to the experi­
mental situation (Т<Г in our experiments). It is then possible to cal­
culate U(IÚ) for any value of Г, since Δ can be expressed in terms of Γ 
according to the equations (valid for Τ=0) 
, Δ(Γ) π Γ г*:лстл 
l n
 MOT " - 4 MT)" ^ 0 
in m - - in (?
+
(г2-1)*) + -L (f2-i)4 (11.50) Δ(0)
 2 r 
- J f arc tan(f2-l)~' 
Γ>Δ(Γ) 
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where Γ = Γ/ώ(Γ). The problem boils down to calculating the roots of a 
4th degree polynomial. It turns out to be very useful to know the 
function и(ш) because this allows direct calculation of important 
quantities such as the electronic density of states and the complex 
electrical conductivity. Using the Green's function formalism again, 
one finds for the normalized density of states: 
η(ω) = «M . R _ u 
о (u - I) 2 
(11.51) 
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Fig.II.1 Superconducting order parameter Δ and (half)energy 
gap И , as a function of the depairing parameter Γ 
according to the Abrikosov-Gorkov theory. All quan­
tities are normalized to the BOS value Δ (Γ = 0). 
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The (half)energy gap Ω , defined as the lowest possible energy for ex­
citations, can be obtained from Eq. (11.51). For T = 0 the result reads 
ng<r) = Δ(Γ) (l - (д^у)
2 / з) 3 / 2 (11.52) 
In Fig.II.1 Δ and Ω are plotted as a function of Γ, all quantities 
normalized to the BCS value Δ(Γ»0). This plot demonstrates clearly 
the gapless regime, where Ω =0 but Δ ί 0. 
In order to calculate the complex conductivity σ it is necessary 
to define a quantity m((o) (which has no physical meaning) by 
m(ii)) = Re — 5 - ! г (11.53) 
(uZ - I) 5 
At Τ - 0 the ratio of the real part of the complex conductivity in the 
superconducting state a, to the conductivity in the normal state σ is 
ι η 
given by 
o. . -Я +q /2 q q q q 
T{40) - — / 8 0 <1ω{η(ω+:£)η(ω-^)+πι(ω+^)ιη(ω-ν)} Я>2Й 
η
 ч
о Ω -q /2 ¿ ¿ ¿ L 0 8 
Ε о 
fi 
σ
η
 ' "о' " "Ό ""g 
Ю '
 0
 4
η
<2Ω
ο
 (11.54) 
—<Ч 0 ) - Α β(0) q »0 
η 
where A is calculated via the sum rule /оЛшЫіі^/о (ω)αω. The imagin-
0 0 n 
ary part of the conductivity σ. can be found with the aid of the 
. 22 
Kramers-Kronig relation: 
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—(ω) · - - ƒ αω
 2 2 
η -'* ω -ω 
(11.55) 
Care should be taken that the δ function term of σ,/σ is also 
ι η 
taken into account which gives an additional term in σ./σ : 
Г V / л 2 A 
1—J (ω) = — 4J / πω 
η 
(11.56) 
U / U , 
Fig.II.2 Real (σ./σ ) and imaginary (σ,/σ ) part of the complex 
electrical conductivity in the local limit as a function 
of frequency for various values of the depairing param­
eter Γ/Δ(0) according to the Abrikosov-Gorkov theory. 
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This completes our outline of the Abrikosov-Gorkov theory for a 
paramagnetic diluted superconductor. It is obvious that this theoret­
ical framework can not be handled in an analytical way. We have car­
ried out computer calculations to find real and imaginary part of the 
conductivity as a function of frequency, with Γ as a parameter. In 
Fig.II.2 we show some of our results for different values of Γ. We 
have also calculated the absorption ratio A /A , according to Eq. 
(11.36), using σ./σ and σ./σ given by the AG theory. The results are 
plotted in Fig.II.3. 
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Fig.II.3 Theoretically calculated absorption ratio of a super­
conducting film as a function of frequency for various 
values of the depairing parameter Γ/Δ(0), according to 
the Abrikosov-Gorkov theory. 
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It should be emphasized again that these results are only valid 
in the very impure limit (І-+0) and for T = 0. In particular, all non­
local effects in the electrodynamic response function σ are neglected. 
II.4 Experimental details 
II.4.1 Far infrared monochromator 
From a spectroscopic point of view, the energy gaps of most super­
conductors are in the region of 1 cm to 50 cm . Unfortunately, from 
•y ·} f) / rye 
a technological point of view ' ' this is one of the most inac­
cessible parts of the electromagnetic spectrum. These frequencies are 
almost too high for microwaves and almost too low for optical techniques; 
therefore it is very difficult to obtain monochromatic radiation in 
this frequency region which is powerful enough to allow intensity 
measurements. 
For our measurements, a simple home made grating monochromator was 
used. An outline of the instrumentas given in Fig.II.4. 
Fig.II.4 Lay out of the far infrared monochromator. 
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The radiation source is a water-cooled high pressure mercury arc lamp 
(Philips HPK 125 W). The output of this lamp is roughly equal to that 
of a black body with a temperature between 1000 К and 6000 K. As an 
^ -1 
order of magnitude estimate, at a frequency ν * 20 cm one gets in a 
bandwidth of 0.2 cm a power output of 10 to 10 W. Unfortunately, 
such a black body emits with much more intensity in the visible and 
ultra violet parts of the electromagnetic spectrum than in the far in­
frared. Therefore, the radiation of the source is filtered in reflec­
tion by two filter gratings with grooves orthogonal to each other (in 
order to avoid polarization effects). These filters behave like mir­
rors for radiation with wavelengths long compared to the grating con­
stant while wavelengths of the same order and shorter than the grating 
constant are scattered out of the optical path. In this way, the major 
part of the unwanted radiation is filtered out. After passing through 
the entrance slit, the radiation is collimated into a parallel beam 
by the first spherical mirror and then diffracted by the main grating. 
These main gratings are aluminium echelette gratings, approximately 
20 χ 20 cm square with groove angles of 10° or 20°, made in the work­
shop of the Faculty of Science of the University of Nijmegen. The 
familiar grating condition which determines the outcoming wavelength 
λ is 
2 d cos α sin θ -m λ (11.57) 
where d is the spacing of the grating, α the angle between the incom­
ing beam and the longitudinal axis of the monochromator and θ is the 
angle through which the main grating has been rotated from the posi­
tion perpendicular to the axis of the monochromator. The monochromator 
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is always used in the first order (m- I). After diffraction the beam 
is focussed on the exit slit by the second spherical mirror. By means 
of ten different main gratings it is possible to span continuously and 
overlapping the frequency region from =5 cm up to =400 cm . It is 
clear from Eq. (11.57), that when λ satisfies this condition, one also 
gets radiation of the wavelengths λ/2, λ/3, etc. This higher order 
radiation has to be fitered out. This filtering is done with the re­
flection filters already mentioned above, and with a poly-ethylene 
transmission filter located behind the exit slit. These transmission 
filters are fabricated by the poly-ethylene replica technique described 
26 by Möller and McKnight . A diffraction grating contour with a groove 
angle of 45° is impressed on both sides of a poly-ethylene sheet. To 
eliminate polarization effects, the grooves on one side of the filter 
are orthogonal to the ones on the other side. The transmission charac-
teristic of these transmission filters is about the same as the reflec-
tion characteristic of the reflection filters; both are low-pass fil-
ters. The result is that the amount of unwanted higher order radiation 
is reduced to less than 6% of the total intensity for the frequency 
region 12-400 cm rising to about 15% below 10 cm . 
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The resolution of a monochromator is well-known to be 
v • ш + Ч^ <".*> 
where N is the total number of grooves of the gratings, S the width of 
entrance and exit slit and F the focal length of the two spherical mir­
rors. For our monochromator, with α « 32'' , F» 37.4 cm and S = 10 mm, N is 
the most important parameter. The resolution is always better than 2Z. 
33 
Let us enumerate some minor details concerning the monochromâtor. 
The focal ratio of f/2 leads to a maximum off-axis angle of the outcom-
ing radiation of 14°. In order to use lock-in techniques, a mechanical 
chopper is located in between the filter gratings; a small lamp and a 
photo-cell provide the required reference signal. The whole instrument 
is housed in a cylindrical vacuum-tank about 1 m long and 60 cm in 
-2 
diameter. This tank can be evacuated to about 10 torr to avoid ab-
sorption lines due to water vapour. 
The handling of the monochromator is completely automized. 
A block diagram of the system is shown in Fig.II.5. 
У 
MONOCHROMATOR 
У 
SAMPLE AND 
DETECTOR 
LOCK-IN 
AMPLIFIER 
< 
\ \ 
GRATING DRIVE 
CONTROL 
PROGRAMMER 
TAPE PUNCH 
REFERENCE 
DETECTOR 
LOCK-IN 
AMPLIFIER 
DIGITIZER 
> 1 
RECORDER 
Fig.II.5 Block diagram of automized data gathering system. 
A stepping motor controlled by a programmer rotates the gratings; the 
number of steps and the time interval can be varied. The grating posi­
tions and the digitized detector signals from the lock-in amplifiers 
are punched on paper-tape. The tapes are then processed on a PDP-12 
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laboratory computer linked to a Houston incremental plotter. In this^ 
way the data can easily be manipulated, sample measurements can be 
divided by background measurements, averaging a large number of meas-
urements is a simple procedure and the results can be plotted directly. 
Test measurements on the transmission of water vapour and N„0 gas have 
been reported earlier 
II.4.2 Cryogenic details 
In order to measure far infrared absorption of superconductors, 
it is of course necessary to work at temperatures, where superconduc-
tivity exists, i.e. liquid helium temperatures. The cryogenic set-up 
is shown in Fig.II.6. 
Radiation of the monochromator is transmitted through an oversized 
lightpipe to the reference detector and the sample at a temperature of 
1.3 K. Radiation which passes by or through the sample is captured and 
absorbed in a highly absorbing cavity at the end of a small cone. 
The sample detector acts as a thermometer; it is in thermal con-
tact with the sample and measures directly the warming-up of the sample 
due to absorption of radiation. In order to eliminate spurious signals, 
due to absorption by the detector itself, it is necessary to locate the 
detector outside the lightpipe to protect it against direct incident 
radiation. The intensity of the radiation leaving the monochromator 
is a function of frequency, therefore it is necessary to measure this 
intensity by means of a reference-detector. In contrast to the sample-
detector, the reference-detector acts as a bolometer; it heats up due 
to absorption and measures this heating. A division of the signals of 
the two detectors gives the relative absorption by the sample. 
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Fig.II.6 Cryogenic set-up to measure far infrared absorption of 
superconducting films. 1. Poly-ethylene window; 2. Elec-
trical connections; 3. Liquid helium dewar; 4. Liquid 
nitrogen dewar; 5. Lightpipe (stainless steel); 6. Light-
pipe and cone (copper); 7. Superconducting magnet; 
8. Highly absorbing cavity; 9. Quartz filter; 10. Refer-
ence-detector; 11. Sample; 12. Sample-detector; 
13. Resistors. 
The sample consists of a quartz substrate, with the evaporated 
superconducting film under study on one side and the connection for 
28 thermal links to the detector and to the ground on the other side 
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The substrate is in the form of a circular disc with a radius of 15 mm 
and a wedge-shaped thickness, varying from 0.2 to 0.4 mm over the wedge; 
this wedge-shape is used to avoid interference effects within the quartz 
disc. To prevent other thermal contacts, the sample is hanging freely 
. 29 
on its thermal links with the no-film side facing the radiation 
The sample-detector has no other thermal link than the one with the 
sample, so it will follow the temperature variations of the sample with 
a certain delay time. The heat absorbed by the sample will be carried 
off by the second thermal link; this one is thermally grounded. These 
thermal links have been adjusted in a series of careful test measure­
ments in order to optimize the relaxation time of the sample in connec­
tion with the lock-in amplifier. Due to the large heat capacity of the 
quartz substrate, this relaxation time is rather long; we reached an 
optimum at 0.03 - 0.05 sec. which allows a chopper-frequency of 13 Hz. 
The detectors are of the type described by Zwerdling, Smith and 
on 1й 17 ì 
Theriault ; germanium chips, doped with 10 -10 impurities per cm 
2 
of Gallium and Antimony, an area of 4 χ 4.5 mm and a wedge-shaped 
thickness varying from 0.2-0.3 mm. When cooled to about 1 K, these ger­
manium chips show a large temperature coefficient of the resistance. 
One measures the change in resistance due to heating, because of ab­
sorption by the sample (sample-detector) or because of absorption by 
the detector itself (reference-detector). The specifications of these 
-12 detectors are the following: a 'noise equivalent power' of 3 χ 10 W 
for a bandwidth of 1 c/sec, a response of 4.5 χ 10 V/W and a time-
constant of 1 msec. A comparison with the specifications for other 
kind of detectors shows that our germanium detectors are the best de­
tectors available. 
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Fig.II.7 Electrical part of the detection system. 
The electrical system for the detectors is shown in Fig.II.7. 
To avoid cross-talk between the two bolometers, two completely separat­
ed circuits were used, each consisting of a 12.6 V mercury battery, a 
5 МП series resistor and the detector itself; only the electrical ground 
was in common. After amplification by two Princeton Applied Research 
HR-8 lock-in amplifiers, the two detector-signals are displayed on a 
recorder and punched on paper-tape simultaneously. 
To simplify the assembling, both the reference-detector and the 
sample were mounted on inserts not shown in the drawing. The room-tem­
perature radiation emitted by objects at room-temperature could give 
rise to considerable heating of the sample and the detectors. To elim­
inate this radiation as much as possible two liquid helium cooled 
quartz filters in the form of wedge-shaped discs (diameter 15 mm, 
thickness 1.5-2 mm) are placed in the lightpipe, only one of which is 
shown in Fig.II.6. The whole detection system is placed in a copper can, 
which is evacuated in order to thermally isolate the detectors from the 
helium-bath and to eliminate absorption-lines due to water-vapour. 
The superconducting coil, manufactured by Oxford Company, is placed 
outside the can and serves to quench the superconductivity of the films 
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for the normal state measurements. The coil can produce a maximum field 
of 25 kOe and is equipped for persistent mode operation. 
The temperature of the helium-bath of the order of 1.2 К is reach­
ed by pumping off the helium. However, the temperature shows a slow 
drift. The bath-temperature decreases as much as 0.06 К in about 7 
hours which is roughly the time needed to measure the whole spectrum 
(9-100 cm ) with and without magnetic field. This leads to an increase 
of 15% in the sensitivity of the detectors. During the last part of our 
experiments, we have stabilized the temperature of the bath to diminish 
this effect. In order to do so, an Allan Bradley carbon resistor measur­
ing the temperature of the bath was constantly compared with a stan­
dard-resistance in an ac Wheatstone bridge. The offset-voltage of this 
bridge was amplified by a lock-in amplifier and then used to control 
the current in an electrical heater, also located in the bath. The re­
maining temperature drift was of the order of 1 mK, resulting in a 
sensitivity change of the detectors of less than one percent. 
In addition to the absorption measurements, the critical tempera­
ture was measured separately for some of the films. For this purpose 
we simultaneously evaporated the films used for absorption measurements 
with reference films on a glass substrate; the resistance transition 
of these films was then measured in a Klipping-cryostat manufactured by 
Leybold-Hereaus. 
II.4.3 Sample preparation 
The sample preparation consists of the evaporation of niobium, 
lead and silver films on quartz substrates. The niobium film was made 
31 
with the use of an electron gun 
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The lead and silver films were evaporated in an oil-free Ultek 
RCS evaporator equipped with an oil-free Ultek CFR roughing system, 
using conventional evaporation techniques. The pressure in the belljar 
was about 3 χ IO torr before and stayed below 10 torr during evap­
oration. The thickness of the films was monitored with a Kronos ADS 200 
crystal quartz oscillator. The thickness of these films as well as the 
thickness of the niobium film were measured optically with a Varian-A-
scope-interferometer 980-4000/4006. 
The quartz substrates were used several times. After finishing an 
experiment with a specific film, the film was removed with nitric acid 
and the substrate was cleaned in an ultra-sonic bath with a Decon 90 
solvent. Then the substrate was flushed in distilled water and dried 
under an infrared lamp. Finally the soldering joint was attached on the 
clean quartz, and the substrate and the glass for the reference films 
were mounted in the mask-system. The mask-system has a movable slide 
which enables the evaporation of a lead film and a lead-silver sandwich, 
with the same thickness for the lead film, without breaking the vacuum. 
For all but one of the sandwiches, the silver film was evaporated first. 
For a special sandwich, an oxide layer was grown on the lead film first 
before silver was evaporated on top of the oxide. 
Finally, the edges of the reference films were trimmed to reduce 
non-homogeneous parts of the films. 
II.4.4 Far infrared data reduction 
In this section we will show how to obtain the absorption ratio 
of a sample A /A (s:superconducting state, n:normal state, produced 
with a super-critical field) from the measured detector-signals. This 
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problem has several complications due to experimental difficulties 
such as: frequency-dependence of the monochromator-output, resonant 
modes in the detection-system and spurious absorption for frequencies 
below the gap-frequency ω . 
22 26 30 
FREQUENCY ( c m " ' ) 
Fig.II.8 Measured detector-signals for a typical lead film (thick­
ness: 500 A ) and for one main grating of the monochrom-
ator (grating constant: 1.25 mm); Ρ and Ρ are the 
sample-detector signals in zero field and super-critical 
field respectively; Ρ and Ρ ' are the corresponding 
reference-detector signals. 
At first we will discuss experiments carried out with a reference-
detector and the temperature-stabilization. In this case we dispose of 
four different detector-signals: Ρ (ω) and Ρ (ω) are the sample-detect-
s η 
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or signals, in zero field and super-critical field respectively; Ρ (ω) 
and Ρ '(ω) are the corresponding reference-detector signals. In Fig. 
II.8 we show these detector signals, obtained for a typical film (lead, 
thickness d = 500 X) for one main grating of the monochromator (the 
grating-spacing is 1250 μ). Some remarks can be made about these sig­
nals. First, the sample-detector signal Ρ shows very clearly the 
energy gap of lead at roughly 22 cm . Second, the reference signals 
Ρ and Ρ ', showing the frequency-dependence of the monochromator out­
put, are not identical due to the magneto-resistance of the detector. 
Third, some bumps are present in the reference signals and also in the 
sample signal in the normal state Ρ ; these bumps are due to resonances 
in the reference-detector system and in the sample-cavity; unfortunate­
ly, we are not able to eliminate all these resonances in an experi­
mental way. Fourth, we would expect the signal Ρ of the sample-detect­
or in zero field to be equal to zero for frequencies below the gap-
frequency. However, due to absorption by other objects than the film 
(such as the quartz substrate, the soldering joint and thermal links) 
there is still some signal left. In a test experiment this 'background' 
absorption was measured on a sample without a film and it was found to 
be of the same order of magnitude as the remnant absorption found in 
the sample with film. 
Now we will show that these problems, difficult to handle from 
the experimental side, can be eliminated theoretically by analyzing the 
experimental data in a suitable way. For this purpose, we define the 
following quantities: 
Ι(ω) : The intensity of the radiation, incident upon the sample. 
γ(ω) : The fraction of the intensity Ι(ω), incident upon the 
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reference-detector. 
γ'(ω) : The fraction of the intensity Ι(ω), incident upon the 
'Jjackground '. 
α, (ω) : The responsivities of the sample- and reference-detect-
f >τ 
or respectively. 
A, , (ω) : The absorptivities of sample-film, background and 
f ,b,r 
reference-detector. 
Our measured detector signals can be expressed with these quantities: 
?
s
 = α£(0,ω)Α£(0,ω)Ι(ω) + a f (Ο,ω^ίΟ,ωΠίαΟγ' (Ο,ω) (11.59) 
Ρ =· α (Ο,ω)Α (0,ω)Ι(ω)γ(0,ω) (11.60) 
Ρ
η
 = οι£(Η,ω)Α (Η,ΐιΟΐ'ίω) + a f (H,ω)Ab(H,ω)I
,
 (ω)γ' (Η,ω) (11.61) 
Ρ '= α (Η,ω)Α (Η,ω)Ι'(ω)γ(Η,ω) (11.62) 
The variable Η denotes a super-critical field, while 0 means that the 
field is zero. The prime in Ι'(ω) indicates that Ι(ω) may have changed 
between different measurements. The usefulness of the reference-detect­
or becomes apparent when the sample-detector signals for zero field and 
super-critical field are divided by the corresponding reference-detect­
or signals: 
af(Ο,ω)Α,(Ο,ω) + af(0>ω)Α^(0,ω)γ'(Ο,ω) 
P
s
/ P
r α
Γ
(0,ω)Α
Γ
(0,ω)
Ύ
(0,ω) (11.63) 
α (Η,ω)Α (Η,ω) + α (Η,ω)Α (Η,ω)γ'(Η,ω) 
Ρ
 / ρ '- — ί /и л^ /и ^ fu ^ (11.64) 
η г α
Γ
(Η,ω)Α
Γ
(Η,ω)γ(Η,ω) 
In this way the intensities Ι(ω) and Ι'(ω), which contain the frequency 
dependence of the monochromator output, drop out of the expressions. 
Ρ /Ρ and Ρ /Ρ ' for the same film as discussed in relation with 
s r η r 
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Fig.II.8 are plotted in Fig.II.9 for the frequency region 9-100 cm 
FREQUENCY (cm"1) 
Fig.II.9 Measured detector-signal ratio for the typical lead film 
of Fig.II.8; Ρ /Ρ and Ρ /Ρ ' denote the ratio of sample-
detector signal and reference-detector signal in zero 
field and super-critical field respectively. 
This picture shows the remarkably good overlap between the results of 
the six different gratings needed to span the frequency range. Further­
more, it shows that the signal to noise ratio is very high in these ex­
periments (roughly of the order of 30-100, depending on the frequency 
used). However, the picture also shows bumps roughly equidistant in 
frequency. We think that these bumps are caused by resonance in the 
reference-detector, or in Α (ω), and in the sample cavity, or in γ(ω). 
Resonances in the sample cavity appear in γ(ω), because Ι(ω) has been 
chosen as the fixed quantity. We can eliminate both effects when we 
normalize the quantities of Eqs. (11.63) and (11.64) with respect to 
similar quantities for a reference film. For this purpose a thin 
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(150 8) Ag film was taken, for which we may assume that the absorption 
is field- and frequency-independent in the region of interest. The 
result reads 
Af(0,u0 + ^(Ο,ω^'ίΟ,ω) 
(P„/P ) 
s r norm Α. (Ο,ω) + Α, (0,«)γ' (0,ю) 
Ag Ag 
(Ρ /Ρ ' ) , 
Α£(Η,ω) + Аь(Н,ш)у'(Н,ш) 
η r 'norm A f (Η,ω) + A ( H ^ ) Y ' ( H , U ) 
Ag Ag 
(11.65) 
(11.66) 
The subscript Ag indicates that A f and A, denote the absorption of 
Ag Ag 
the Ag film and the background of the Ag film respectively. In this way 
we have eliminated the responsivities of both detectors, the absorptiv­
ity of the reference-detector and the factor γ(ω). 
< 
£Г 
< 
Ζ 
о 
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Fig.II.10 Measured detector-signal ratio for the typical lead film 
of Fig.II.8, normalized with respect to the results for 
a thin (150 8) silver film, for zero field (P /P ) 
v
 s r norm 
and supercritical field (P /P ') respectively. r
 η r norm
 K
 ' 
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The quantities (Ρ /Ρ ) and (Ρ /Ρ ') are shown in Fig.II.10 and 
^ s г norm η r norm
 6 
as can be seen, the interference pattern has reduced significantly, but 
has not disappeared completely. The remaining part can be due to the 
fact that the resonances have not been of equal magnitude in the two 
experiments. The last problem that we encounter is the remnant signal 
below the gap-frequency due to 'background' absorption. In this typical 
case, it amounts to about 8% of the absorption for frequencies well 
above the gap; in most other experiments it varied between 10 and 25%. 
In order to eliminate this spurious signal, the background absorption 
is subtracted. According to Eqs. (11.65) and (11.66), the background 
term is given by 
w v o r /L (Ο,ω)γ'(Ο,ω) 
fP /P ) b a c ke r « Ξ 
v
 s' r-norm A f (Ο,ω) + Р^ (Ο,ω)γ'(Ο,ω) 
Ag Ag 
κ,Μ,»,- Α, (Η,
ω
)γ'(Η,
ω
) (Ρ /Ρ >) b a c ker
=
 2 (
 η' r 'norm A f (Η,ω) + ^ (Η,ω)γ'(Η,ω) 
Ag Ag 
(11.67) 
(11.68) 
for the superconducting and normal state respectively. Because all 
quantities on the right hand side of these equations, i.e. A, , A, , 
Ag 
A. and γ'(ω), are nearly frequency and field independent, these terms 
Ag 
are equal and constant. For the superconducting state and ω < ω , the 
background term is the only surviving term. When we subtract this con­
stant from the quantities in Eqs. (11.65) and (11.66), we find 
fc 
Af(0,oj) 
„^•V = Af (Ο,ω) + A b (0,Μ)γ'(0,ω)
 ( Ι Ι
·
6 9 ) 
Ag Ag 
Af(H,iu) 
J T V " A£ ( H t M ) + ^ (Η,Μ)γ'(Η,ω) i
11
'
70) 
Ag Ag 
A6 
A final division of the last two equations, recalling the fact that 
A f , A, and γ'(ω) are independent of field, yields: 
Ag Ag 
(Ρ /P ) - (Ρ /Ρ ) (ω<ω ) Α,(Ο,ω) к 
v
 s r norm s r norm
4
 g' f
 =
 _s 
(P /P ') - (P /P ) (ω<ω ) = Α,ίΗ,ω) A 
v
 η r 'norm s r norm
4
 g' f ' η 
(ω) (11.71) 
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Fig.II.11 Absorption ratio A /A for the typical lead film of Fig. 
II.8 as explained in the text, compared with the sample-
detector signal ratio Ρ /Ρ . 
s η 
In Fig.II.Il we show A /A for our typical film. This is the final re­
sult of our data-analysis. For a comparison we have also plotted Ρ /Ρ 
in Fig.II.11. The resemblance between the two curves shows that the 
corrections made in this analysis are not extremely important. 
We would like to make a few remarks on the experiments without a 
reference detector and without temperature stabilization. In this 
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situation one has only two detector-signals, i.e. Ρ and Ρ . According 
to Eqs. (11.59) and (11.61), a division of these signals gives 
α ДО,ω) Ι(ω) АДО,ω) + α, (Ο,ω)Α^(Ο,ω) 
ρ /ρ = Γ i ϊ Ξ fTT ηο} 
s' η α£(Η,ω) Ι'(ω) Α£(Η,ω) + α£(Η,ω)Αΐ(Η,ω) K^.IÍ) 
Now it is impossible to subtract a background term, because the denom-
inator in Eq. (11.72) contains the term Α.(Η,ω) which is certainly 
frequency dependent (see Fig.II.10). The intensity of the monochromator 
is reasonably constant in time, Ι(ω)/Ι'(ω) = 1+ 1%. The sensitivity of 
the sample-detector a. changes for two reasons: as a result of the tem­
perature drift, the signal will increase slowly with time, but due to 
the magnetic field the sensitivity will decrease. All the measurements 
were carried out in the same order; the measurements in zero field as 
a function of monotonous decreasing frequency were followed by the 
measurements in· a super-critical field also with monotonous decreasing 
frequency. Therefore, the time between the measurement of the absorp­
tion in гего field for a certain frequency, and the measurement of the 
absorption in super-critical field for the same frequency is roughly 
independent of frequency. From the results of a series of test measure­
ments we conclude that the increase of sensitivity in this amount of 
time is within 10% equal to the decrease due to magneto-resistance. 
Thus α_(0,ω)/α.(Η,ω) is roughly equal to I, and we will simply take 
Ρ /Ρ as the ratio of superconducting and normal absorption. No correc-
s η
 r 
tions for the background signal were made in these cases. This proced­
ure is supported by the results, plotted in Fig.II.11 where it can be 
seen that the difference between Ρ /Ρ and A /A is not very large. 
s η s η J e> 
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All these calculations were performed automatically with the 
PDP-12 computer from the rough data on paper-tapes. 
II.5 Far infrared absorption of lead 
II.3.1 Introduction 
The behaviour of lead under far infrared radiation has been in-
vestigated by several researchers. Transmission and reflection of very 
32 33 
thin films have been measured by Palmer and Tmkham , Norman exam-
ined the absorption of thick films, and the absorption of foils was the 
34 
subject of investigations by Joyce and Richards . All these workers 
have found an energy gap of about 22 cm , but other interesting effects 
have been discovered as well: multiple energy gaps in thick films due 
33 . . . 
to amsotropy , phonon contributions to the absorption as a result of 
34 . 35 
Holstein-processes and a suspicious precursor , which turned out to 
be of instrumental origin . However, the most striking feature is the 
very steep onset of absorption just above the energy gap; this onset 
is much steeper than theoretical predictions based on the simple BCS 
theory. It has become clear that the strong electron-phonon coupling 
32 in lead is the cause of this anomalous behaviour 
We have measured the absorption of thin lead films as an intro-
duction to the measurements of the absorption of lead films under pair-
breaking conditions. Lead was chosen because its energy gap is from an 
experimental point of view at a rather convenient position. However, 
the strong-coupling character of lead makes a comparison with theoret-
ical results rather difficult because theories about pair-breaking 
effects are developed for the weak-coupling limit only. The aim of 
these preliminary measurements on simple lead films was twofold. In the 
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first place to test our equipment, intended to measure absorption of 
far infrared radiation; secondly, to get an idea about how good a weak-
coupling theory can predict the experimental results of lead. This 
should give us some feeling about the agreement we can expect between 
experiment and theory in the pair-breaking effect case when strong-
coupling effects are neglected. Therefore, we will compare the experi­
mental results with both the weak-coupling and the strong-coupling 
theory. 
II.5.2 Experimental results 
The absorption of electromagnetic radiation in the far infrared 
regime by lead films has been measured in the superconducting and the 
normal state. The temperature was about 1.3 K, the frequency was varied 
between 9 and 100 cm . In order to carry out the normal state measure­
ments, superconductivity was quenched by a magnetic field, well above 
the critical field of the film.Deliberately, a very pure and a very 
impure film were made and studied. Some of the experimentally found 
electrodynamic parameters of the films are given in table I. 
Pb I 
Pb II 
d(X) 
500 ± 30 
1100130 
о
п
((Пт) ' ) 
1.5x 107 
1.6x 108 
»(X) 
170 ±20 
1700 ±200 
δ(ω ) ( X ) 
1600 1200 
500 ± 30 
Table I Electrodynamic parameters for Pb I and Pb II 
d : thickness of the film, determined interferometrically. 
σ : normal state conductivity, determined from dc resistance 
η ' 
measurements. 
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I : mean free path, determined from lma (a /I ) , where (σ /S, ) r
 - 7 η О О ' 0 0 
is given by Chambers from anomalous skin-effect measurements 
as (σ /ί )-9.4 χ lO 1 4^ 2)" 1· 
о o' 
δ : classical skin-depth calculated at the gap frequency ω from 
δ(ω
δ
)-(1μ
ο
σω8Γ*. 
The experimentally obtained superconducting to normal absorption 
ratios of the films are presented in Figs.II.12 and 11.13. These plots 
show the relatively high signal to noise ratio in these experiments. 
The ratio is higher for Pb I, because of the larger absorption in this 
very thin film, compared with the thicker Pb II. 
As 
An 
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FREQUENCY (сптН ) 
Fig.II.12 Experimentally determined absorption ratio of a thin 
lead film as a function of frequency; IL· denotes the 
resistance per square as measured just above Τ . 
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Fig.II.13 Experimentally determined absorption ratio of a thin 
lead film as a function of frequency; RQ denotes the 
resistance per square as measured just above Τ . 
II.5.3 Comparison with theory 
In order to compare our experimental results with theoretical cal­
culations, we use Eq. (11.36) which gives the absorption of thin films 
in terms of the complex conductivity. As mentioned before, in a strict 
sense this formula is only valid in the dirty limit (Я^б). For a 
simple BOS superconductor, where the electron-phonon interaction is 
assumed to be small, the complex conductivity has been calculated by 
38 
Mattis and Bardeen . They showed that in the extreme anomalous limit 
(i>6), at zero temperature (T = 0) , the conductivity can be given in 
terms of the complete elliptic integrals E(k) and K(k) by the follow­
ing set of equations: 
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σ ω . ω . 
—(ω) - fi + -^ÌECk ) - 2(-Ê)K(k ) ω > ω„ 
(11.73) 
σ 1 
—(ω) = 0 ω < ω 
6 
—(ω) - Ι {(-6+ O E O C · 2 ) + (-6 - 0K(k ' 2 )} (11.74) 
η 
where Κ and Ε are e l l i p t i c i n t e g r a l s of the f i r s t and second kind 
r e s p e c t i v e l y , and к and k ' are defined by 
ω ω _ , 
к - I (-£ - O/f-6 + il I k' = (1 - к Y (11.75) 
1
 *· fil ' ^ t,\ ' ' 
39 
Fortunately, as has been shown by Abrikosov and Gorkov , these results 
are also applicable in the extreme dirty limit (i,<C). Hence, Eq. 
(11.36) together with the conductivity given by Eqs.(11.73) up to 
(11.75) allow the calculation of the absorption of a weak-coupling 
superconducting film in the local limit. However, for strong-coupling 
superconductors like lead it is necessary to take into account the re­
tarded nature Of the electron-phonon interaction. These calculations 
lead to a frequency dependent energy gap Δ(ω) instead of the constant 
40 
BCS value Δ. Nam used the Δ(ω) result for lead according to 
41 
Schrieffer, Scalapmo and Wilkins , to calculate the complex conduct-
42 ivity. Later, Shaw and Swihart took the more reliable value for Δ(ω) 
43 from tunneling experiments of McMillan and Rowell and recalculated 
the real part of the conductivity. Their result enabled us to obtain the 
22 imaginary part of the conductivity by means of the Kramers-Kronig 
relation. Real and imaginary part of the complex conductivity according 
53 
to the weak-coupling theory of Mattis-Bardeen and the strong-coupling 
theory of Nam are plotted in Fig.II.14. 
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Fig.II.14 Real (σ./σ ) and imaginary (σ7/σ ) part of the complex 
electrical conductivity of lead according to the weak-
coupling theory of Mattis-Bardeen (M.B.) and the strong-
coupling theory of Nam (NAM). 
Since the expression for the absorption as well as the equations 
for the conductivity are valid, only in the dirty limit, it is im­
portant to check whether our films fulfill these requirements. For that 
purpose some relevant combinations of electrodynamic parameters are 
evaluated and tabulated in table II, where 
τ : mean time between collisions, given by τ = ί,/ν , with 
6 44 
ν = l,82x 10 m/sec as the Fermi velocity of lead 
ξ : superconducting coherence length for lead given by ξ = 830 Я. 
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Pb I 
РЪ I I 
Y 
0.0ή 
0.37 
1/6 
0 . 1 0 
3.4 
^ о 
0 . 2 0 
2.1 
Table II Some important electrodynamic quantities for Pb I and 
Pb II. 
The meaning of these quantities is: 
1. If ii)T<l, the normal state conductivity σ can be considered as 
η 
independent of frequency and equal to the dc conductivity. 
2. If l/6<), a non-superconducting metal exhibits local electro-
dynamic behaviour. 
3. If Я/ξ < 1 , a superconductor exhibits local electrodynamic 
behaviour; in that case anisotropies will wash out, so multiple 
energy gaps will not be seen. 
From the results of table II, it is clear that for Pb I, local electro­
dynamics can be applied, while Pb II falls neither in the local-limit 
nor in the extreme anomalous limit. We have calculated the absorption 
of a thin lead film in the local limit according to the weak coupling 
theory of Mattis-Bardeen and the strong-coupling theory of Nam. In 
Fig.II.15 we show the results compared with the experimental curves for 
Pb I and Pb II. It is obvious that the steep onset of absorption in the 
experimental curves is much better fitted by the strong-coupling result 
than by the Mattis-Bardeen result. However, there is still a substan­
tial discrepancy for higher frequencies which is probably due to some 
non-local behaviour. In that case, the agreement should be better for 
Pb I than for Pb II, which is found indeed. 
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Fig.II.15 Experimentally determined absorption ratio of two dif­
ferent lead films compared to theoretical calculations 
according to the weak-coupling theory of Mattis-Bardeen 
(M.B.) and the strong-coupling theory of Nam (NAM). 
In conclusion we would like to note that we have shown that our 
experimental set-up is appropriate for studying the absorption of far 
infrared radiation in thin superconducting films. On the other hand, it 
is clear from the rather poor agreement between the Mattis-Bardeen 
theory and experimental results for the simple lead films that we can 
not expect perfect agreement between measurements on lead films studied 
under pair-breaking conditions and any theory based on weak-coupling 
alone. 
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II.6 Far infrared absorption of superconducting films in perpendicular 
magnetic fields 
II.6.1 Introduction 
Surprisingly little experimental work has been done to study the 
high-frequency electrodynamic behaviour of superconductors under the 
pair-breaking influence of a magnetic field. To our knowledge, the only 
experiment done to date is in the work of Martin and Tinkham on the 
absorption of thin superconducting films in a parallel magnetic field. 
In their experimental set-up it is expected that the order parameter 
is spatially independent. Therefore, the situation is equivalent to the 
one of the paramagnetic diluted superconductor if the film is suffi­
ciently dirty (ί-^ξ ), as discussed theoretically in section II.3. 
However, the experimental results of Martin and Tinkham show rather 
drastic deviations from the theoretical calculations; in contrast to 
the theory, even for fields well below the critical field Η substan­
tial absorption below the gap-frequency apparently extending down to 
very low frequencies has been observed. According to Martin and Tinkham 
this may be due to a slight misalignment of the magnetic field; a small 
but non-zero field component perpendicular to the film creates vortices 
and therefore the order parameter is not spatially constant any longer 
and the simple application of the Abrikosov-Gorkov theory is invalid. 
Martin and Tinkham have tried to explain quantitatively the misfit in 
terms of this normal field component but their effort failed by an 
order of magnitude. 
In order to study the influence of normal field components on 
superconducting films, we have measured the far infrared absorption of 
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superconducting niobium and lead films in various perpendicular magne­
tic fields. In section II.3 we note that this situation is analogous 
with the paramagnetic diluted superconductor, only if the magnetic 
field is very close to H .. Our experiments extend also to lower fields, 
where the simple pair-breaking theory can only be used in a modified 
form. The magnetic field penetrates the film, to form quantized vor­
tices and the order parameter is strongly spatial dependent. In con­
sequence, the absorption is also a function of position and the total 
absorption will be a kind of average of the local absorption, depend­
ing on the local order parameter, and weighted by the appropriate 
fractional area. An idealized vortex model will be developed to repre­
sent the spatial dependence of the order parameter, and the Abrikosov-
Gorkov theory will be used in order to calculate the local absorption 
associated with different values of the order parameter. 
II.6.2 Experimental results 
The experiments have been carried out on thin niobium and lead 
films in various magnetic fields. The temperature was about 1.3 K, the 
frequency was varied between 9 and 100 cm . Some electrodynamic par­
ameters are given in table III. 
Nb 
Pb 
d(X) 
520 ± 30 
420 ± 30 
σ
η
((Ωπι) ') 
2.2x 106 
1.6x 108 
»(8) 
50 + 30 
2800 ± 300 
6(<og)(X) 
4200 ± 300 
130 ± 20 
Table III Electrodynamic parameters for Nb and Pb films. 
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For the relevant formulas we refer to section II.5.2, table I. One 
remark has to be made concerning the determination of the mean free 
path i in the Nb film. Because no values of (σ II ) are available for 
г
 о о 
45 
this metal, we use the result of Hauser and Theuerer , who have estim­
ated I to be around 50 Я. For the coherence length ξ for Nb , we use 
ξ
ο
=430 S. 
The experimentally obtained absorption ratio A /A of the Nb film 
and the Pb film for various values of h=Η/Η (H is the applied mag­
netic field and Η , the normal critical field of the film) are shown 
Ci 
in Figs.II.16 and II.17. 
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Fig.II.16 Experimentally determined absorption ratio of a thin 
Nb film as a function of frequency for various perpen­
dicular magnetic fields H; thickness d = 520 A, Τ =1.3 К, 
Τ »9.0 К, perpendicular critical field Η =26.5 кОе, 
с '
 r r
 ci 
h = Η/Η , resistance ratio г = 2. 
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Fig.II.17 Experimentally determined absorption ratio of a thin 
Pb film as a function of frequency for various perpen­
dicular magnetic fields H; thickness d = 420 A, T= 1.3 K, 
Τ «=7.2 К, perpendicular critical field Η =1.7 kOe, 
с '
 r 
 cj. 
h = H/H , resistance ratio r = 45. 
The signal to noise ratio in these measurements was comparable 
with the ratio for Pb II; see Fig.II.13. The striking feature is the 
drastic influence of very small fields; a field of only a few percent 
of the critical field lowers the energy gap from more than 20 cm to 
about 10 cm . This is in agreement with the observations of Martin and 
Tinkham, but not understood theoretically. 
A remark has to be made about the normal state absorption A of 
r
 η 
the Nb film. In a separate experimental test, the perpendicular crit­
ical field at 1.3 К was found to be 26.5 kOe, greatly exceeding the 
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bulk critical field of Nb which is about 2 kOe. Unfortunately, we could 
not reach such a high field in our far infrared set-up; the largest 
field that could be attained was about 19 kOe and therefore it was im­
possible to measure the absorption of the Nb film in the normal state. 
However, at a field as large as 72% of the critical field the absorp­
tion turned out to be frequency independent and we believe that it can 
be considered as identical to the normal state absorption in the 
frequency region investigated. Therefore, the absorption for h = 0.72 
(indicated by A in Fig.II.16) was used to normalize the measurements. 
As a check on the quality of the Nb film, the transition tempera­
ture Τ of this film was measured as well: it is known that Τ of Nb 
с с 
46 films depends strongly on the evaporation conditions . Τ was found to 
be 9.0 K, in reasonable agreement with the bulk value of 9.5 K. 
II.6.3 Comparison with theory 
In order to theoretically determine the far infrared absorption 
of a thin superconducting film in a perpendicular magnetic field, three 
distinct calculations must be performed. First, the spatial dependence 
of the order parameter in the vortex state is calculated. Then the 
local absorption can be found using the Abrikosov-Gorkov theory to 
give the local conductivity, and the well-known Eq. (11.36). Finally, 
an averaging process gives the total absorption of the film. The second 
step in this sequence requires the electrodynamics in the films to be 
local in nature. To check this requirement, some of the relevant 
quantities are listed in table IV. According to Finnemore, Stromberg 
47 6 
and Swenson , the Fermi velocity of niobium was taken to be 0.3 χ 10 
m/sec. 
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Table IV Some important electrodynamic quantities for Nb and Pb 
films. 
It is obvious from the results of table IV that the Pb film is in 
the extreme anomalous limit (SL> δ). The Nb film however is in the real 
dirty limit, and therefore local electrodynamics is applicable. Hence 
we expect better agreement between theory and experiment for the Nb 
film, than for the Pb film. 
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The Ginzburg-Landau theory, strictly valid only near Τ , will 
be the basis for the calculation of the spatial dependence of the order 
parameter in the vortex state. According to the Ginzburg-Landau theory, 
the difference in the Gibbs free energy between superconducting and 
normal state, for a superconductor in a magnetic field is given by 
Д
С = аМ
2
+
|М 4
 +±\[-^-^)Ч\2 (11.76) 
A derivation of this equation will be given in section III.2. For our 
calculations we will use cylindrical coordinates (rfv»z). The film lies 
in the z»0 plane, while the magnetic field is given by 
H=(0,0,H) (11.77) 
As a vector potential A which represents this field, we choose 
(II.78) t= (O.^Hr.O) 
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and we look for solutions of the form 
4<(r) -Ψ fíOe 1* (11.79) 
о 
2 
where V is the solution in zero magnetic field, given by Ψ =-α/β. 
• о о 
In these quantities, Eq. (11.76) becomes 
2 2 2 ? -t- -+ 
<* ¿2,, . α Λ. . α h^ ,
 fV ZeAw. ч ІФ|2 ¿G 
- TfZ(r> *π£*<*> +TSFÏÏÎ I ( T - T ^ ) « ^ - I Z Î"·»«» 
2 2 
Here, h /2m|a| is equal to ξ , where ξ is the Ginzburg-Landau coherence 
length, the characteristic length of the problem. The last term of 
Eq. (11.80) can be rewritten as 
α
 r
2 , 1 -df ІФ _,_ - f(r) ІФ геА^. . ІФ , 2 
We will approximate the complicated vortex structure by a two-dimension­
al Wigner-Seitz cell, assuming that the vortices are circles with the 
vortex centers 2R (R is the vortex radius) apart; the circles are 
closed packed and the region between circles is neglected. By flux-
2 quantization we get πΚ H = v , where φ is the quantum of flux. By using 
2eA _ eHr^ _ f V
 ? _ r ^  ( I I i 8 1 ) 
he he Ύ JL· Ύ
 D2 
πΚ ne R 
Eq. (11.60) can be simplified to: 
U G -_^ { f
2
( r) - \ l \ r ) -ς2! (^)2+ (, - ^ ^ Ç 1 ] > ("-в2) 
R г 
Now we are going to average the difference in the Gibbs free energy-
over one vortex, i.e. a disc with radius R: 
R R 
AG - -Ц· ƒ AG(r) dV- Цг ƒ rdruG(r) (11.83) 
ITR 0 R 0 
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using as a volume element dV = 2irrd dr, where d is the thickness of the 
film. This leads to 
Гс = -Ц£ frdr{f2(r)[l-4(l-42]-Ç2(l7)24f4(r>} ^11-84) R в 0 τ R 
Changing the unit of length according to χ=τ/ζ, one gets 
2 2 R/E 2 2 2 
Ш
= -^Т-Т- / d(x2){f2(x)t 1 "4(1 - V ) ] -(^)-Jf4(x)}(II.85) 
R p 0 χ R 
In principle, in order to get f(χ), ÛG has to be minimized, with 
respect to f, which would lead to a complicated differential equation 
for f(x). We choose a trial function approach, using 
f(x) = 6 x . , (11.86) 
(1 + x ) S 
This trial function has the right asymptotic behaviour far outside of 
the vortex (x ->• =>) ; the parameter 6(H) will now be calculated by minim-
izing AG. Substituting this trial function, one gets for Eq. (11.85) 
2 2 
..2 2 R/ξ , , 2 t' „2 х > . 
— dÇ α г ,, 2. ¡,2. χ R 1
 1 
RZ B 0 І+х^ 1+х (1+х ) 
2* FI > 
(1+х) 
(11.87) 
2 1 4 
The right hand term of Eq. (11.87) is of the form -c δ + jс.б , which 
. . 2 has a minimum at 6 »c./c». So the minimum in the Gibbs free energy 
difference ÛG is obtained when 
, R2/Ç2 , i'-by) / R V 2 
δ2
=ί / d ^ — 4 - - i V } v /^-^-2 ( Ι Ι · 8 8 ) 
0 ' У ( l + y ) J ' У / 0 (1+уГ 
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2 2 2 
where y = x . The integration limit R /ξ can be simplified by using: 
R 2-^ /TTH and ξ 2 - * /2iiH , , which gives R 2/C 2 - 2 Η ,/11 = 2/11 (h - Η/Η , 
ο ο ci ci ci 
H is the perpendicular critical field of the film). Finally we have: 
2 , l n ( l + 2 ) { 2 + h + ^ K H h , l _ l _ 2 
| - 2 І П ( 1 + І ) + Т Й К 7 2 7 
(11.89) 
The function 6(h) is shown in Fig.II.18. 
Fig.II.18 5(h), value of the wave-function Ψ/Ψ of a vortex far 
from the core, as a function of the normalized perpen­
dicular magnetic field h=Η/Η , as explained in the 
text. 
Summarizing, within this trial function approach, based on the 
Ginzburg-Landau theory., the spatial dependence of the wave-function φ 
is given by 
Ψ/Ψ 6(h) χ 
(1 + xV 
(11.90) 
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where χ=r/ξ and 6(h) can be obtained by Eq. (11.89). Because the order 
parameter Δ is proportional to the wave-function Ψ, Δ has the same 
dependence as Ψ. The spatial dependence of Δ/Δ normalized with respect 
to ô(h) is shown as CALC in Fig.II.19. 
(Δ/Δ 0) 
δ (h) 
1.0 
0.5 
CALC. 
APPROX. 
Fig.II.19 Realistic (CALC) and idealized (APPROX) vortex model. 
Now it is possible to calculate the total absorption of the film 
in a perpendicular magnetic field by averaging the local absorption. 
From the Abrikosov-Gorkov theory, we know Α (ω,Γ), the absorption as a 
function of frequency and pair-breaking parameter. From the Abrikosov-
Gorkov theory we also know the relation between Γ and Δ. From our trial 
function solution, we know the spatial variation of Л(г). Therefore, 
one gets for the absorption averaged over one vortex 
Α
Β
(ω) — ! /drrA
c
(a),r(A(r))) (11.91) 
R 0 
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With a normalization with respect to the normal state absorption A 
η 
we get 
A /(2/h) A 
•^(ω) = h ƒ αχχ^(χ,ω) (11.92) 
η 0 η 
2 2 
where use has been made of the fact that ξ /R =h/2. 
Of course there exist no analytical formulas giving Α (χ,ω)/Α 
explicitly; for practical purposes, we approximate our vortex model 
even further. We assume that the order parameter is zero in a normal 
core or the vortex with radius R , and is equal to 6(h)Δ in the 
remaining superconducting region; see Fig.II.19, APPROX. In the core, 
the normalized absorption A /A is 1, while in the superconducting part 
the absorption can be inferred from the Abrikosov-Gorkov theory, using 
Δ/Δ =6(h). The radius R can be found from a boundary condition argue-
ment. Let us calculate the fraction of normal area f of the film. This 
η 
core-area is the same for all of the vortices and independent of field, 
say S . The number of vortices η is proportional to the field H. So the 
fraction f »η S /S (S: total area of the film) is also proportional 
to H and therefore proportional to h. The boundary condition says that 
the whole film is in the normal state when H-Η , o r f =1 i f h = l . 
ci η 
Therefore 
f
n
-h (11.93) 
2 2 2 2 
Using the equalities f -R /R » h and ξ /R =h/2, we get R - ξΛ. 
Finally, we find for the absorption as a function of the normalized 
perpendicular field h: 
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A A 
(11.94) 
Δ/Δ -δ(h) 
Calculated values of A /A as a function of frequency, according to 
s η 
Eq. (11.94), are shown in Fig.II.20 for several values of h. 
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Fig,II.20 Calculated absorption ratio of a superconducting film 
in a perpendicular magnetic field as a function of 
frequency, according to an idealized vortex model 
(Fig. II. 19), with the reduced magnetic field h « H/H^ , 
as parameter. 
cL 
For one special case (Nb, h-0.58) we will make a direct compar­
ison between theory and experiment. The vortex model used is shown in 
Fig.II.19 and the resulting absorption ratio in Fig.II.21. For high 
frequencies the agreement is good, for frequencies below the gap-
frequency, the agreement is less satisfactory. 
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Fig.II.21 Experimentally determined absorption ratio of 
a superconducting Nb film in a perpendicular 
magnetic field (h = H/H =0.58) compared to 
theoretical calculations according to an ideal­
ized vortex model (Fig.II.19). 
For the low field situation, our idealized vortex model is too 
much simplified to represent the real situation. This simple model can 
not explain the large influence of very small fields on the absorption; 
a more refined version should be used as shown in Fig.II.22, for the 
special case of h = 0.026. The vortex is now approximated with a normal 
, core with radius ξ, a ring with adjustable outer diameter ξχ and a 
reduced order parameter Δ/Δ »a, and a second ring with diameter R 
and Δ/Δ = I. 
о 
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The absorpt ion can be c a l c u l a t e d using Eq. (11.92) again: 
A - I A X o A /(2/h)
 A 
•^•(ω) - h ƒ xdx(-^) (x>u)+h ƒ xáx{-j~) (x,tri)+h ƒ xdx(-^} (χ,ω) (11.95) 
η 0 η I n χ η 
о 
/ω = Ι
 + ь
 2
_1) Λ ) ( ω ) + (1 h 2 ) Λ ) ( ω ) 
2 2 4 ο 2 ο "'Α (11.96) 
Δ/Δ =a 
ο 
Δ/Δ =1 
Ο 
This is essentially a two-parameter fit with χ and a as adjustable 
parameters, For practical purposes, a is determined from the energy 
gap in the measured absorption curve; we take that value of a for which 
the theoretical energy gap equals the experimental one. The parameter 
χ is chosen so that the experimental and the theoretical absorption 
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are equal at the (arbitrarily chosen) frequency of the zero-field 
energy gap (22.5 cm for the Nb film); i.e.: 
A 
— + -^ (x -1 ) (-τ—) (ω=22.5 cm ) = exp. value 
2 2 V о 
(11.97) 
Δ/Δ -β 
о 
The two-parameter fit has been carried out for the Nb film for the spe­
cific value of h = 0.026. The calculated values of χ and a are used to 
о 
plot Δ/Δ in Fig.II.22. The idealized vortex model appears to be a 
father good approximation of the realistic spatial dependence, which 
makes this procedure reliable. The resulting absorption ratio and the 
experimental curve for the Nb film are shown in Fig.11.23, and as can 
be seen, the agreement is rather good. 
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Fig.II,23 Experimentally determined absorption ratio of a super­
conducting Nb film in a perpendicular magnetic field 
(h = H/H . =0.026) compared to theoretical calculations 
according to an idealized vortex model (Fig.II.22). 
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It has to be mentioned that all strong coupling effects have been 
ignored in our analysis; therefore it is unrealistic to expect too good 
an agreement between theory and experiment. As an illustration, 
Fig.II.24 shows the absorption of the Nb film in zero field, compared 
with the weak-coupling Mattis-Bardeen curve. It is obvious that strong-
coupling effects are present. 
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Fig.II·24 Experimentally determined absorption ratio of a super-
conducting Nb film in zero field compared with cal-
culations according to the weak-coupling theory of 
Mattis-Bardeen. 
It should be emphasized that our local model can only sensibly be 
applied in the case of our impure Nb film, where due to the small mean 
free path all relevant relations are local. The model has to fail com-
pletely in the case of our Pb film, where due to the rather long mean 
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free path non-local effects should be considered. This is illustrated 
in Fig.II.25, where the experimentally obtained absorption of the Pb 
film for h" 0.024 is compared with the theoretical result of the two-
parameter fit procedure. Due to the large number of computational dif-
ficulties involved in attacking these types of problems, a theoretical 
analysis of this non-local situation is beyond the scope of this in-
vestigation. 
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Fig.II.25 Experimentally determined absorption ratio of a super-
conducting Pb film in a perpendicular magnetic field 
(h = 0.024) compared to the theoretical calculations 
according to an idealized vortex model. 
Summarizing, we have measured the far infrared absorption of 
superconducting films in perpendicular magnetic fields. The experiments 
were carried out on a dirty Nb film which exhibits local behaviour and 
73 
on a rather pure Pb film where non-local effects should be considered. 
The striking feature is the large effect of very small fields, com-
pletely not understood until now. The results were compared with a 
local theory based on the Abrikosov-Gorkov theory using an idealized 
vortex model. We obtained rather good agreement in the low field regime 
for the Nb film. As expected the theory failed in the case of the pure 
Pb film where non-local effects become dominant. A preliminary report 
49 
of these results has already been published elsewhere 
II.7 Far infrared absorption of superconducting lead films under 
proximity effect conditions 
II.7. 1 Introduction 
If a normal metal N is in good electrical contact with a super-
conductor S, Cooper pairs can leak from S to N, and normal electrons 
from N to S. The result is a 'weakening' of the superconductivity in S 
and a possible origination of superconductivity in N. This is the so-
called proximity effect. A more recent review on the subject is given 
by Clarke and by Deutscher and de Gennes . Much attention has been 
52 paid to the transition temperature of a NS-sandwich , and also the 
electronic density of states has attracted a great deal of interest 
from a tunneling point of view . However, as far as we know, investiga-
tions on the excitation spectrum of NS double layers by means of ab-
sorption of electromagnetic radiation, where not only the density of 
states but also the transition matrix elements are involved, have been 
limited to the microwave region * . The interesting regime between 
1 and 50 cm , where in most cases the energy gap is located, has not 
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been studied at all until now. It is the aim of the present experiment 
to investigate this interesting problem. 
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Fig.II.26 Typical spatial dependence of the order parameter Δ(χ) 
in a S (superconductor) -N (normal metal) sandwich, 
assuming a positive electron-electron interaction in 
the normal metal. 
Theoretically, the proximity effect can best be studied through 
the superconducting order parameter Δ which characterizes the 'degree 
of superconductivity'. It is clear that Δ will be a function of posi­
tion in a NS-sandwich, and the problem is to determine this spatial 
dependence. In principle, this could be done by solving Gorkov's equa-
20 
tions , taking into account the different electron-phonon interaction 
and density of states in both metals. This results in a very complicat­
ed highly non-linear integro-differential equation for Δ which has not 
been solved for the general case up to now. The only calculations along 
these lines have been done for temperatures close to Τ where a 
48 
Ginzburg-Landau type of approach can be used. Fortunately, the valid­
ity of Ginzburg-Landau type of solutions extends to temperatures far 
below Τ . A typical variation of Δ(χ) near a NS-boundary, as calculated 
75 
by de Gennes in the framework of the Ginzburg-Landau theory, is shown 
in Fig.II.26. 
As a possible approach for the theoretical discussion of our ex­
perimental results, we can assume the sandwich films to be so thin that 
the spatial variation of the order parameter can be neglected and Δ(χ) 
can be represented by a constant value Δ (Cooper limit) . Maki and 
2 
Fulde have been able to show that this situation corresponds to the 
more general pair-breaking theory of Abrikosov and Gorkov , where the 
pair-breaking parameter Γ will be determined by Δ. An other possibility 
to discuss our results is based on the model of McMillan which as­
sumes that Δ is constant over each film separately, but different in 
the S and the N side. Of course all these models are physical simpli­
fications of the exact Gorkov integro-differential equation. 
The choice of the materials for the NS-sandwich is rather limited. 
Our monochromator spans the frequency region from 5 cm to 400 cm ; 
below 10 -cm the power-output is rather small. Therefore, we must 
choose a superconductor with a large energy gap; in fact, only lead 
and niobium (having an energy gap around 20 cm ) are reasonable can­
didates. We have selected lead because of the simple way of evaporation 
compared with the high-melting niobium, where electron-gun techniques 
should be used. One has to be very careful that really proximity 
effects are measured and not bulk effects as accidently formed inter-
metallic compounds, or effects caused when the materials of the two 
films diffuse into each other. This can be prevented by evaporation 
in situ at low temperatures and not warming up the sample before the 
experiment is finished. However, this technique leads to densities of 
the evaporated metals which can be quite different from the correspond-
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ing bulk values. Annealing is out of the question, because this would 
have disastxous consequences as interdiffusion during warming up would 
occur. We have chosen for evaporation at room temperature of metals, 
which are carefully selected from a metallurgical point of view. The 
metals should be immiscible and should not form intermetallic com­
pounds. With lead as the superconductor, only silver and copper seem 
58 to be appropriate , and we have chosen silver. 
The absorption ratio of Pb-Ag sandwiches has been measured for 
various thicknesses of both metals. The results will be compared with 
two different theoretical approaches, a simple pair-breaking model 
following Abrikosov and Gorkov, and the more sophisticated McMillan 
model. 
II.7.2 Experimental results 
The experiments were carried out on two series of samples, where 
the thickness of the Pb film was kept constant and the thickness of 
the Ag film was varied. The results of the series with a Pb film thick­
ness of 500 A were obtained asing sophisticated expedients such as 
reference-detector, temperature stabilization, Τ measurements and 
residual resistance determinations. The other series, which includes 
experiments on samples with a Pb film thickness of 750 A is chrono­
logically the first one. These rather preliminary measurements were 
carried out without the use of reference-detector and temperature 
stabilization and without Τ and residual resistance measurements. 
с 
Therefore it is not possible to apply the sophisticated data reduction 
procedure on these results and to calculate the electrodynamic para­
meters of the films. Nevertheless we present the results for the sake 
77 
of completeness. For all but one of the samples, the Ag film was evap­
orated first, immediately followed by the deposition of the Pb film 
in order to avoid contamination or oxidation at the interface. This 
procedure guarantees good electrical contact between the two layers 
which is essential for the proximity effect to occur. As an exception 
to this rule, we made one sample where the coupling between the two 
layers was reduced deliberately in order to show that in this situation 
the proximity effect disappears. For this purpose the Pb film was evap­
orated directly on the quartz substrate, then the film was exposed to 
650 torr of oxygen during about 17 hours in order to oxidize and final­
ly the Ag film was evaporated on top of this oxide layer. 
The measuring temperature was about 1.3 К and the frequency was 
varied between 9 and 100 cm . For the first series of measurements, 
where the Pb film thickness was 500 A, some electrodynamic parameters 
of the constituent films have been determined. The results, obtained 
with the formulas of section II.5.2, are presented in table V. It 
should be emphasized that these results concern the constituent films, 
and not the whole NS-sandwiches. 
Pb 
Ag 
Ag 
Ag 
d(8) 
500 ± 30 
150 + 30 
550 ± 30 
800 + 30 
о
п
«Пш) ') 
1.5x 10 7 
1.4x 107 
6.7x 107 
8.4xl0 7 
K«) 
170 + 20 
150 ±30 
730 ±50 
910 + 70 
δ (ω )(X) 
1600 ±200 
1700 ±200 
770 + 60 
690 + 50 
Table V Electrodynamic parameters for the constituent films 
of NS-sandwiches. 
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In the determination of the mean free path I in the Ag films, we used 
(σ /I ) = 9 . 2 x l 0 1 4 (Пт 2)" 1 as given by Chambers37. 
о о 
The measured superconducting to normal absorption ratio of the 
samples is shown in Figs.II.27 and 11.28. As can be seen from these 
figures, the signal to noise ratio is rather good. This ratio is higher 
for the first series with the thin Pb film (thickness: 500 A) than for 
the second series with the thicker Pb film (thickness: 750 A). This is 
due to the fact that the absorption of films increases with decreasing 
thickness. The results for the second series of measurements (thick­
ness Pb film: 750 A ) , shown in Fig.II.28, display remnant signal below 
the gap-frequency. This is due to the fact, that these results were 
obtained without the use of reference-detector and temperature stabil­
ization, so that subtraction of 'background' absorption is impossible, 
as discussed in detail in section II.4.4. 
Fig.II.28.d represents the absorption ratio of the deliberately 
decoupled sample. In this case, we expect the absorption to be the sum 
of the absorptions of the superconducting Pb film and the normal Ag 
film, without any corrections due to the proximity effect. This expect­
ation is beautifully confirmed by the experimental result; the energy 
gap in the absorption spectrum of this sample is roughly equal to the 
energy gap of the simple Pb film (Fig.II.28.a); furthermore, the spec­
trum shows a substantial absorption for frequencies below the gap-
frequency due to the normal Ag film. 
For some of the samples the critical temperatures Τ were measured 
с 
as well. Thicknesses of the constituent films,dp, and d. , the gap-
r D Ag 
frequency ω , as determined from the experimental spectra and Τ , if 
known, are summarized in table VI. 
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Fig.II.27 Experimentally determined absorption ratio of a superconducting lead film in proximity 
effect contact with normal silver films of different thicknesses; 1^ denotes the 
resistance per square as measured just above Τ ; measuring temperature T= 1.3 K. 
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Fig.II.28 Experimentally determined absorption ratio of a superconducting lead film in proximity 
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d P b * 
500 ± 30 
500 ± 30 
500 ± 30 
500 ± 30 
750 ± 30 
750 ± 30 
750 ± 30 
750 ± 30 
V8) 
-
150 + 30 
550 ± 30 
800 ± 30 
-
250 + 30 
400 ± 30 
400 à 30 
ω (cm ) 
g 
21.5 
14.0 
5±2 
-
21.5 
14.5 
9 
21.5 
т
с
(к) 
7.2 
6.2 
4.7 
4.3 
7.2 
-
-
7.2 
Table VI Experimentally determined gap-frequency ω and 
critical temperature Τ of NS-sandwiches. 
In Figs.II.29 and 11.30, the results of the measurements are 
redrawn in one plot for each Pb thickness. 
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Fig.II.29 Experimentally determined absorption ratio of a super­
conducting lead film in proximity effect contact with 
normal silver films of different thicknesses; T= 1.3 K. 
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Fig.II.30 Experimentally determined absorption ratio of a super­
conducting lead film in proximity effect contact with 
normal silver films of different thicknesses; the curves 
are obtained from the experimental results with a data 
analyzing procedure as explained in the text. 
Except for some smoothing, the curves of Fig.II.29 are identical to the 
experimental results in Fig.II.27. The curves in Fig.II.30 are obtained 
from the experimental results of Fig.11.28 by a rather crude subtrac­
tion of the absorption below the gap-frequency and a subsequent normal-
% — ι 
ization of A /A =1 for frequencies ω>60 cm . These manipulations, 
although not completely justified, do not alter the experimental 
results significantly and make them more appropriate for comparisons 
with the theoretical calculations of section II.7.3. 
¿v 
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10 
05 
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II.7.3 Comparison with simple pair-breaking theory 
The main problem in proximity effect situations is the spatial 
dependence of the order parameter. As we have seen in section II.7.1, 
the order parameter decreases monotonously if one goes from the super­
conductor to the normal metal and is even discontinuous at the inter­
face. Just as in the perpendicular field case (see section II.6.3), 
in principle this leads to a spatially dependent absorption which has 
to be averaged in a suitable way to achieve the total absorption of 
the sandwich. This procedure requires a knowledge of how the order 
parameter actually varies in space, and this problem has unfortunately 
never been solved theoretically due to the great many mathematical 
difficulties. Therefore, we will try a simplified approach of the 
problem by assuming the order parameter to be constant over the sample, 
having a value Δ depressed from its bulk value (Cooper model). This 
approximation can be justified in the case of two very thin films. 
2 . . . 
As shown by Maki and Fulde , this situation can then be compared with 
the general pair-breaking theories, in particular with the Abrikosov-
Gorkov theory. This procedure is of course only allowed if our films 
exhibit local electrodynamics, therefore we check this local character 
by calculating some relevant electrodynamic quantities of the films. 
These quantities, only known for the first series of measurements 
(with a Pb film thickness of 500 A) are summarized in table VII. 
For the meaning of these quantities we refer to section II.5.3. Here, 
ω denotes the gap-frequency for lead (21.5 cm ), which was also 
used for the silver films; the Fermi velocity of silver was taken to 
be 1.39 χ 106 m/sec 4 4. 
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Pb 
Ag 
Ag 
Ag 
d(X) 
500 ± 30 
150 ± 30 
550 ± 30 
800 ± 30 
ω τ 
g 
0.04 
0.04 
0.21 
0.27 
ш 
0.10 
0.09 
0.94 
1.3 
*'«о 
' 0.20 
Table VII Some important electrodynamic quantities for the 
constituent films of NS-sandwiches. 
From this table we may conclude that the Pb film and the thinnest 
(thickness: 150 A) Ag film really are in the local limit. The other 
two silver films, as well as the films of the second series of measure­
ments (as estimated from the results of table VII) should not show a 
completely local electrodynamic behaviour. Nevertheless, we will use 
our familiar formula Eq. (11.36) for the absorption of a thin film 
in terms of the electrical conductivity, and the results of the 
Abrikosov-Gorkov theory for the electrical conductivity in pair-
breaking situations, in order to estimate the absorption of our proxim­
ity samples and to get more qualitative ideas about the situation. 
Although we do not know the exact value of the depairing parameter Г 
in terms of the parameters of our proximity effect samples, we can try 
to fit the experimental results using Г as an adjustable parameter. 
This has been done, in Figs.II.31 and 11.32. We compare the meas­
urements of the absorption ratio of proximity effect samples with a 
Pb film thickness of 500 A and 750 A respectively with theoretical 
curves for some selected values of Г, (see Fig.II.3). 
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FREQUENCY (cm"1 ) 
Fig.II.31 Comparison between measured absorption ratio of a 
superconducting lead film in proximity effect contact 
with normal silver films, and results of the pair-
breaking theory of Abrikosov and Gorkov. 
From these plots it can be seen that the agreement is not even 
fair; it is obvious that the 'constant order parameter model' is 
too crude an approximation to the reality. 
In addition, it should be emphasized that in all these cal-
culations strong-coupling effects have been neglected. It is well 
known (see section II.5.3) that this is not really justified in 
the case of lead, where serious deviations from the weak-coupling 
results occur. This is another drawback of this type of theoretical 
considerations. 
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Fig.II.32 Comparison between measured absorption ratio of a 
superconducting lead film in proximity effect con­
tact with normal silver films, and results of the 
pair-breaking theory of Abrikosov and Gorkov. 
II.7.4 The McMillan model 
As we have seen in the preceding section, the constant order par­
ameter model does not give satisfactory results in fitting the experi­
mental results. Therefore we will use a more sophisticated model due 
to McMillan . In this model, the order parameter is constant in each 
metal, but not identical in both. Using this model, McMillan calculates 
the energy gap of a proximity sandwich. Unfortunately, this theory has 
not been extended to include calculations of the complex electrical 
conductivity. Therefore we are not able to infer the absorption spec­
trum as a whole of the proximity samples, and we have to discuss the 
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energy gap alone. 
McMillan assumes that S and N 'are separated by a potential barrier 
and treats transfer of electrons as a tunneling process, described by 
the tunneling Hamiltonian formalism assuming the tunneling transmission 
probability to be small. He assumes further that the films are suf­
ficiently thin so that the superconducting properties are constant 
across each metal. This means in fact neglecting any spatial dependence 
within the individual films. The Hamiltonian of the sandwich can be 
written as 
H = H +H +H (11.98) 
η s t 
where the tunneling Hamiltonian H is given by: 
Ht - I , Tnn' ( ctn4n· + c
+
-n4-n> + H- C· ( Ι Ι · 9 9 ) 
η,η 
с and с are the creation and annihilation operators of an electron 
sn sn 
with spin s and wave-function Φ , and Τ . is the transfer matrix 
η nn 
element for tunneling from Φ in S to Φ , in N. Using the Nambu-
n η 59 Schrieffer formalism, McMillan f inal ly comes to the se l f-cons is tent 
equations for the energy dependent se l f-energies Δ and Δ : 
. Γ Δ (E) . Γ 
V E > ° K + Γ 2 ¿ Λ 1 * ζ " гО ( Ι Ι · , 0 0 ) η
 U / ( E ) - E Z ] S / U / ( E ) - E V 
s s 
. Γ Δ (E) , Γ 
Д , ( Е ) - ( д Р Ч Ι»
 2 . ) / ( l + 2 S 2 ,) (11.101) 
s
 [ Δ / ( Ε ) - Ε Τ * / [Δ 2 ( E ) - E V 
η η 
where Δ ρ and Δ are the BCS order parameters in N and S, given self-
n s
 r B 
consistently by 
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nh D Δ W F 
лР
П
= (N(0)V)
n
 ƒ Re{ П ρ tanh ^p } dE (11.102) 
n n
 O [Ε^-Δ 2(E)] 5 ^' 
η 
and a similar equation for Δ ρ . Γ and Γ are parameters, defined by 
M
 s n s
 r J 
h 9 
Γ = -— = πΤ Ad Ν (0) (II.103) 
η 2τ ss 
η 
h Ο 
Γ = τ— = πΤ Ad Ν (0) (11.104) 
S ¿Ί Π Π 
S 
where τ , τ is the average time that an electron spends in N and S 
respectively before transfer to the other metal; Τ , is assumed to be 
nn 
the same for all states and equal to T. A, d and N(0) are the area, the 
thickness and the bulk density of states, per unit volume, at the Fermi 
level. From Eqs. (11.103) and (11.104) one can deduce easily: 
d N (0) 
V.-ггш- ( Ι Ι · 1 0 5 ) 
η η 
Thus, in fact, there is only one free parameter. Γ can also be written 
η 
Γ
η = ^
 ( Ι Ι
·
1 0 6
> 
η 
where ν is the Fermi velocity, σ the barric- penetration probability 
г η 
and В is a function of Í. /d (I /d is the ratio of the mean free path 
η η η η 
i to the film thickness d, <5f the normal metal). McMillan suggests 
η TV 
that for a reasonably clean film (l Ä d ) one has 8*2. 
η η 
Once the self-energies are known, the electronic density of states 
for both metals can be found from 
N (E) = Re{ , E 7 г) (11.107) 
n
'
S
 [Ε 2-Δ
η
2
3(Ε)]* 
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From this equation one can calculate the (half-) energy gap Ω in the 
normal metal as the lowest energy for which Ν (E) becomes non zero. 
McMillan points out that the energy gaps in S and N are equal because 
all the wave-functions have finite amplitudes in S and N. We will 
denote this energy gap by Ω . 
In most cases, these equations can only be solved numerically; 
however, for special cases a simple approximate solution is possible. 
McMillan solves for the case Γ , Γ < Δ Ρ and finds from equations 
s η s 
(II.100),(II.101) and (11.102), that 
Ω <«(Δρ1, + Γ )/(1+Г /Д Ь и 1 к) (11.108) 
g η η η s 
where Δ denotes the BCS order parameter Δ for the bulk supercon­
ductor. If there is no pairing interaction in N, we have: 
Ω *Γ /(1 +Г M b u l k ) (11.109) 
g η η s 
In order to find Γ , we use an expression for the critical temperature 
Τ of the sandwich. Again according to McMillan, one has 
l n < W V - F ^ H } + ^ ) - ^ ( Ι Ι · , 1 0 ) 
s η с 
where Τ is the critical temperature of the bulk superconductor and Ψ 
is the digamma function. Eqs. (11.105) and (11.110) can now be solved 
for Γ and Γ . We take Τ =7.2 К, and N (0)/Ν (0) = γ /γ =2.58, the 
Γι S С S II ir D " S 
44 
ratio of the electronic heat capacities per unit volume . This enables 
us to calculate the gap-frequency ω if d , d and Τ are known. In 
g s' η с 
table VIII we present the results of>the calculations for the gap-fre­
quency for the first series of measurements (Pb film thickness: 500 X) 
compared with the energy gap-frequencies, experimentally determined. 
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d
s
(S) 
500 ± 30 
500 ± 30 
500 ± 30 
d n(8) 
150 ± 30 
550 ± 30 
800 ± 30 
T
c
(K) 
6.2 
4.7 
4.3 
r^cS1) 
12.9 
7.6 
5.5 
Γ (cm1) 
1.5 
3.2 
3.4 
ω (cm ) 
(cale) 
11.7 
8.9 
7.3 
ω (cm ) 
(exp) 
14.0 
5± 2 
-
Table VIII Critical temperatures, and calculated and experimental 
values of the gap-frequency of NS-sandwiches. 
As can be seen, the agreement between calculated and measured 
values of the gap-frequency is fair. It is even better than could be 
expected, if one realizes that our experimental situation differs 
from McMillan's model in several respects. 
1. The thicknesses of the films are not really much smaller than 
the superconducting coherence length ξ (ξ = 830 A for lead ). This 
means in fact that there is some spatial dependence. 
2. McMillan's tunneling approach is only allowed if the transmission 
probability σ of the sandwiches is much smaller than 1. An estimation 
of σ from Eq. (11.106) gives for our samples roughly aK 0.2 -0.5. 
3. The strong coupling character of lead was not taken into account 
by McMillan. From section II.5.3, we know that this is not really 
allowed for lead. 
4. Γ and Γ are not really much smaller than Δ and thus not 
s η
 y
 s 
much smaller than Δ . 
s 
However our results are supported by findings of Wyatt, Barker 
and Yelon . These authors have reviewed various applications ' of 
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the McMillan model and conclude as we do, that the thin-film and the 
small transmission probability requirements appear to be relatively 
unimportant. 
Finally we want to note that we have been able to measure the far 
infrared absorption of Pb-Ag proximity samples and to compare the 
results with theoretical calculations. A сочфагізоп with the simple 
Abrikosov-Gorkov theory, neglecting spatial dependence of the order 
parameter in the sample leads to rather poor agreement. A second theor­
etical approach was made in terms of the McMillan model which takes 
into account the spatial variation of the order parameter in a simple 
way. Unfortunately, McMillan has not calculated explicitly the elec­
trical conductivity σ necessary to calculate the electromagnetic ab­
sorption, and we are limited to discuss the energy gap alone. The 
agreement between measured and calculated gap-frequencies is reason­
able. It would definitely be worth-while to extend the McMillan model 
in order to calculate the complex conductivity. However, in view of the 
limited life-time of a 'promovendus', we have to leave this task to more 
theoretically skilled people. 
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CHAPTER III 
Η ,, THE SUPERCONDUCTING NUCLEATION 
c4 
FIELD OF WEDGE-SHAPED GEOMETRIES 
III. 1 Introduction 
Soon after the discovery of superconductivity it became clear 
2 that the phenomenon can be quenched by a magnetic field H. When this 
magnetic field exceeds the critical field Η , all superconducting 
properties, like perfect conductivity and the Meissner effect, dis­
appear. The magnitude of this critical field depends on the properties 
of the superconducting material and its temperature. Later it was found 
that this description is only valid in a strict sense for the so-called 
type I or Pippard superconductors. For type II or London superconduc­
tors, the situation is more complicated. The magnetic behaviour of both 
types is shown in Fig.III.1, where the magnetic induction В is drawn 
as a function of the applied magnetic field H. Type I superconductors 
have a sharp transition from the superconducting to the normal state 
at Η=Η , in contrast to type IT superconductors, which exhibit a 
gradual transition. There is a complete Meissner effect as long as Η 
is smaller than the lower bulk critical field Η , while the Meissner 
effect is partially destroyed in the region between Η and the upper 
bulk critical field Η „. When Η exceeds Η ., В equals Η and the normal 
cz c2 
state is reached. The region between Η , and Η . is called the 'mixed 
с 1 c¿ 
о 
state' region. Η has been calculated by Ginzburg and Landau to be 
Η . = к /2 Η (HI. 1) 
c2 с 
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where H denotes the thennodynamical critical field and к is the 
с 
famous Ginzburg-Landau parameter. 
B = H 
HCl Hc 
Fig.1X1.1 Magnetic induction В as a function of applied magnetic 
field H for a type I and a type II superconductor, show­
ing the different critical fields. 
Until now we dealt with bulk superconductors only. The situation 
changes when we take surface effects into account. Saint-James and de 
4 
Gennes have demonstrated that nucleation of superconductivity can be 
enhanced by the presence of an interface. In a thin layer near a super­
conductor-vacuum interface the "Htical field, called H _, for fields 
c3 
parallel to the surface is given by 
H ,-2.Α κΗ-1.7 H „ 
сЗ с c2 (III.2) 
Of course, this surface nucleation can not be observed in bulk proper­
ties (like the Meissner effect), but resistance measurements will still 
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yield R= 0. 
It is tempting to hypothesize that this surface effect will be 
even more drastic in a situation with more than one interface, for 
example in a wedge-shaped geometry. This problem has been treated by 
Houghton and McLean , and van Gelder . They calculated the critical 
field of an infinitely long wedge in a situation where the field is 
parallel to both intersecting interfaces and therefore to the inter­
secting line. The resulting nucleation field which we will call Η ,, 
satisfies 
Η .>(/3/2α) Η , (ІІІ.З) 
сч c¿ 
provided that the wedge-angle 2o is small. It is obvious from 
Eq. (III.3) that H , exceeds H „ if α is sufficiently small. In this n
 c4 c3 
case superconductivity will first nucleate along the wedge. 
With respect to the results of Ref.6, Fink has stated that: 
"H , is a misinterpretation of the surface-nucleation field Η ,". Using 
3 
the well-known Ginzburg-Landau result, for the nucleation field of a 
thin film in a parallel orientation, which reads: 
Η -/Γ2 (ζ/d) Η , (III.4) 
η c¿ 
(ξ: superconducting coherence length, d: thickness of the film), Fink 
continues: "...we readily see that superconductivity will nucleate at 
some part of the wedge-shaped geometry for all fields H
n
> 1.7 Η - owing 
to the size dependence of Η and not to some new mechanism of nuclea-
n 
tion". 
Of course. Fink is right; there is no new mechanism, like fashion­
able 'one-dimensional superconductivity' (TTF-TCNQ, KPD, etc.) involv-
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ed. Everything is based on a simple BCS-superconductor in the Ginzburg-
Landau limit; and just as Η ,, H „ and Η , are solutions of the 
'
 J
 cl c2 c3 
Ginzburg-Landau equations under certain conditions, so is Η ,. If 
Eq. (III.4) should be used to calculate the critical field of a wedge, 
the wedge has to be replaced by a film with an effective thickness 
d=d ... The calculation of d ,. is exactly the problem solved by van 
eff eff ' 
Gelder6. 
In the following, we will calculate the dependence of Η , as a 
function of the angle between the wedge-line and the applied field. 
We will compare the calculations with experimental results intended to 
investigate the existence of Η ,. For preliminar results, see Refs. 8 
and 9. 
III.2 Calculation of angular dependence of Η , 
In order to calculate the nucleation field Η ,, we will use a 
variational approach, starting with the Ginzburg-Landau Gibbs free 
energy and a trial function. 
Nucleation becomes possible when the difference of the Gibbs free 
energy ΔΟ between the superconducting and the normal state equals zero. 
This difference can be calculated in the following way (see, for in­
stance, de Gennes ): For temperatures close to the critical tempera­
ture Τ , it is justified to make an expansion of the Gibbs free energy, 
in even powers of the superconducting order parameter Δ ( Γ ) , leading to: 
UG = /[Α(Τ)|Δ| 2+^-|Δ| 4+··· ]d? (III.5) 
where the integration is extended over the entire volume of the 
specimen. When we allow a slow spatial variation of Δ and consider 
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cubic crystals only, Eq.(III.5) can be generalized to 
AG = ,[[А|л|2+![д|4 + с|^.п|2]аг (III.6) 
Taking into account an additional vector potential A, which gives rise 
to a magnetic field Η (rot A = H ) , in such a way as to insure the gauge 
invariance of AG, Eq.(III.6) must be replaced by 
ДС=/[А|д| 2
 +
 ||д| 4
 +
 сК-І -^)й| 2]
а
? (III.7) 
A renormalization according to 
пЬ-^пЬ «4J 3=(¿)2l2 (ш.в) 
gives as a final result for the diffetence in the Gibbs free energy 
ΔΟ= /[
a
|v| 2
 +
 | | V | 4 ¿ | ( - i h ^ - 2M)Y|2]d? (III.9) 
where ЧЧг) is the famous Ginzburg-Landau 'superconducting wave func­
tion'. Using a trial function for V, which minimizes AG, one gets a 
lowet bound for Η . This is formally the same problem as the well-
known variational calculations in atomic physics, molecular physics 
and chemistry. 
ι 14 When studying the onset of nucleation (Ψ + 0), the |4Ί term can 
be neglected. We will rewrite Eq.(III.9) in a more appropriate form. 
Assuming y(r)=f(r) ехр(-іФ(г)), and expressing lengths in units of 
the weak field penetration depth λ and magnetic fields in units of 
Η /2, the equation AG=0 reads: 
κ~
2
 ƒ dr(Vf)2 + ƒ dr[ (A+ iT'v*) 2- I] f2 = 0 (III. 10) 
where к is the Ginzburg-Landau parameter. The geometrical situation we 
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are studying is shown in Fig.III.2, i.e. a wedge bounded by the planes 
V = ±01. 
Fig.III.2 Geometrical situation, showing H in relation with the 
wedge. 
For the calculations, we will use cylindrical coordinates (r.^.z). 
Expressed in the angles β and γ, the components of the magnetic field 
are given by: 
Η = Η sin γ cos 
χ 
Η " Η sin γ sin 
У 
Η =Η cos γ 
ζ 
(III.II) 
For a vector potential A, which represents this magnetic field H, we 
choose the following gauge: 
102 
А -О 
г 
А - | Hr cos γ (III. 12) 
A - Нг sin γ sin (f-B) 
ζ 
Substituting A in Eq. (III.10) and reducing lengths again, this time 
by (κΗ) , we get the following dimensionless equation 
/d^f)2
 + / d î [ ( | i ) 2 + ( { rco S Ï + i | i ) 2 
(III.13) 
+ {r sin γ sin(v - β) +g—} - E] f »0 
where the eigenvalue E is given by Ε «κ/Η, or converted to the usual 
units 
E= κ/2 Η /Η-H „/H (III.14) 
с cz 
The boundary conditions have not been specified as yet; they 
demand that j , the current density component normal to the vacuum 
interfaces, vanishes. This current density can also be obtained within 
the framework of the Ginzburg-Landau theory. For that purpose, we 
2 2 
introduce the free energy difference ΔΕ as AG+Η /8π, where Η /8π 
represents the magnetic field energy in the vacuum. A minimization of 
->• 
ΔΕ with respect to A leads to the well-known second Ginzburg-Landau 
equation: 
2 
T-^- (V*^-y^V*) - — ψΝΪ (III.15) 
J
 mi mc 
Written in a slightly different form, Eq. (III.15) reads 
î = — Re[ Y*(-ih$--M)4<] (III.16) 
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The requirement, that j has to be zero, implies: 
(-ihv - — ) f= i^ (III.17) 
e n b 
where b is a real constant. Eq. (III. 17) represents the most general 
boundary condition for a superconductor. In the case of a supercon-
ductor-vacuum interface it can be shown , that b-^™, so Eq. (III. 17) 
reduces to: 
(-if,V -2£Á) v = 0 (III. 18) 
с η 
or in our dimensionless units 
(A+ ік"1 )
п
4' = 0 (III. 19) 
Substituting again Ψ = ί ехр(-іФ), we find 
(vf)
n
 = o 
(A+K 'νψ) =0 
η 
(III.20) 
If the components normal to the interfaces are zero, then the v-com-
ponents have to vanish for φ =±α and the r-components for r=0. Sub­
stitution of A from Eq. (III. 12) yields: 
(—] _ fd f) _ i-d f4 
'•Эг-
І
г=0 " І-Эг''г=0 " ^φ'ψ=+α ' 
(III.21) 
•Э Φ-, 1 2 
ί—1 
Э^ φ ' φ =+ α 
jr cos γ 
The problem of nucleation is to determine the lowest value of E 
for which Eq. (III. 13) can be satisfied. This corresponds to the 
largest magnetic field Η for which the superconducting phase becomes 
favourable. For that purpose we select two continuous and differen-
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tiable trial functions f(r) and *(r) which satisfy the boundary condi­
tions of Eq. (III.21). We try 
f(r) = f(r) 
,
 2 (III.22) 
Ф(г) =-2τ oFC^/oi) +πιζ 
with m constant, and F(v>/a) a function to be determined, satisfying 
the boundary condition F'(±l) = cos γ. This choice of trial functions 
is intended to study the possibility of nucleation along a wedge only, 
and is not expected to describe nucleation at the plane vacuum inter­
faces φ» ±a at Η „. Substitution of the trial functions (III.22) in 
c3 
Eq. (III.13) and using jdr (per unit length of wedge) = ƒ ƒ rdr d^ 
0 -a 
one gets: 
/dr [ f^ |) г + Pf r - 2Qmf r + (m - E) f г ] = 0 (III. 23) 
with 
Ρ = L·2 ƒ F 2 (x)dx + | ƒ [ F ' (x) - cos γ ] 2dx 
-1 -1 
( I I I . 2 4 ) 
1 2 
+ у з і п у { і - [ ( s i n 2 a ) / 2 a ] cos 2B } 
Q- s i n y s i n B - ^ 5 · ( I I I . 2 5 ) 
The variational method enables us to find those forms for f(r), ΐ(φ/α) 
and m which give the lowest value of E. Unfortunately, this can only 
be done analytically in closed form for the special case γ = 0. We will 
show that under these circumstances the function f(r) is of the form 
1 2 f (r) = exp( --j(r/a) ) where a is a constant to be determined. 
The problem of finding the lowest value of E for which Eq. (III.23) is 
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satisfied is equivalent with the minimization of the integral on the 
left side of this equation with respect to f. If γ=0, Q equals zero 
and the integral has its minimum when m=0. What remains is: 
f d r [ ( d | ) 2 r + p f V - E f 2 r ] 
1 2 — 
After a substitution u»-^r /P, minimization of this integral fives the 
following differential equation for f(u): 
2 
u^-4 + T^-uf + (2M+ l)f = 0 (III.26) 
, 2 du du 
where 
M- -I
 +
^ (III.27) 
With the substitution f(u)=g(u) exp(-u) we get 
u^-|+ (1 -2u)^+2Mg = 0 (III.28) 
. ¿ au du 
The Wronskian of this differential equation is exp(2u)/u. Therefore we 
know that one of the two solutions has a singularity at u = 0. The other 
г η 
solution can be found by using the series expansion g(u) = ¿c u . This 
leads to a recurrence relation: 
η 
η 
Imi . ϋΞΐϋΐ
 ( Ι Ι Ι . 2 9 ) 
C
n ( η + ΐ Γ 
For large η, this is equivalent to с ,/с =2/(n+l), so we can assume 
n+1 η 
с = 2 /η' , or g(u) = £2 u /η! = e . This solution does not solve the 
η 
physical problem. Therefore M has to be a positive integer or zero in 
order that the series stops at η=M and the exponential function re-
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duces to a polynomial. The lowest value of E is given for M - 0 (see 
-ir2/p 
Eq. (III.27)). Then g(u) • I, and we have f(r) -e , which completes 
the proof of our statement. 
We will now use this type of solution for f(r) as a trial func­
tion, whether y is zero or not, using a as a parameter. Calculating 
the integral of Eq. (III.23), we get 
E =-γ + Pa 2 - mQaA + m 2 (III. 30) 
a. 
In order to find the lowest value of E, Eq. (III.30) has to be minim­
ized with respect to m and a respectively. One gets m . =-^ Оа/тг, which 
r
 J
 m m 2 
leads to 
1 2 1 2 2 
E = - 2 + Pa --i- irQa (III.31) 
a 
1 2 -4 
and finally a . = (P - -ΤΊΓΟ ) , which yields 
mm 4 y 
E= (4Ρ-π<}2)* (III.32) 
Ρ is still a function of the unknown Γ, and E has to be minimized with 
respect to F, which is equivalent with the minimization of Ρ with 
respect to F, because E and Ρ are minimal simultaneously. This last 
minimization gives a differential equation of the form 
2 
i4-4a2F-0 (III.33) 
dx 
Making use of the boundary condition F'i* 1) =cosy, we get as a solu­
tion 
C O S Y sinhgaxl 
2a cosh(2a) 
and after substitution in Eq. (III.24) 
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„ 1 2 ,, tanh 2α . 1 . 2 ,, sin 2α
 OD, 
ρ = _ cos γ ( 1 2^ ) + J s l n Ύ ^ 2â~ C0S (III.35) 
Finally, we have found a lower bound for the nucleation field Η ,: 
(III.36) Η ./Η --E" 1« (AP-TrQ2)"^ 
СЧ c¿ 
where Ρ and Q are functions of α, В and γ given by Eqs. (III.35) and 
(III.25). It can not be excluded (as is well-known from variational 
calculations) that by choosing better trial-functions, even higher 
values for Η . could be found. However, we have not succeeded in doing 
so and we believe that our trial-solutions are close to the exact ones. 
Fig.III.3 Calculated Η ,/H . as a function of the wedee-anele 
c4 c2 е е 
2α for γ = 0° . 
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It is instructive to consider some special orientations of the 
magnetic field. Suppose γ = 0. Then we have 
ρ . ^ , . ί ^ . ,
 Q = 0 ( І І І 3 7 ) 
Consequently, Η , satisfies: 
Η ,/H , -
 ( 1-^nh2a -} (III.38) 
c4 c2 2a 
This function is plotted in Fig. III.3 and is identical with van 
Gelders result. It can be calculated from Eq. (III.38) that Η , ex­
ceeds Η , when 2a< 76°. This is also indicated in Fig.III.3. When the 
wedge-angle 2a is very small, Eq. (III.38) reduces to the familiar 
result 
H ^ / H ^ - C f a ^ ) " ' (III. 39) 
which is in agreement with the findings of van Gelder and of Houghton 
and McLean . Another situation which is experimentally interesting is 
γ =90°; this corresponds to the situation where the magnetic field is 
perpendicular to the intersecting line. In Fig.III.4, Η ,/H „ is shown 
as a function of β with 2a as a parameter. Finally, for the case В=0° , 
we have: 
„ 1 2 ,. tanh2aN ,1 .2 ,. sin 2a . 
P = _ c o s γ ( ι _ _ ) + _ 5 ΐ η γ ( ι — ^ 
(III.40) 
Q-0 
Th e resulting function for Η ,/H , is drawn in Fig.III.5. When α is 
c4 c2 e 
1 2 
small, Ρ can be approximated by Ρ •-r α which yields 
H
c 4 / H c 2 = ( I a / 5 ) " ' (III.41) 
So for small wedge-angles α, Η , depends very little on γ. 
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He; 
Fig.III.4 Calculated Η ,/H . as a function of β, for various 
СЧ cl 
wedge-angles 2a, and γ=90 . 
Fig.III.5 Calculated Η ./Η „ as a function of γ for various 
c4 c/ 
wedge-angles 2a, and β=0°. 
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III.3 Sample preparation and experimental set-up 
The difficulty in studying experimentally H . lies in the prepara­
tion of a suitable sample. The curvature-radius at the wedge has to be 
smaller than the coherence length ξ, which is of the order of a few 
thousand A. Attempts to prepare Η ,-wedges by cutting bulk samples with 
a razor blade failed to show any reproducible effects . We therefore 
decided to study evaporated films. As has been pointed out by 
12 
Newhouse , flat films of a low melting material (like In or Sn) evap­
orated on clean substrates at room temperatures show a wedge-shaped 
edge (see the profile in Fig.III.6). 
Fig.III.6 Cross-section of film on substrate, showing 
wedge-shaped edges. 
This effect can be enhanced-by removing slightly the mask from the 
substrate and so using some kind of shadowing technique. Indium was 
chosen as a superconductor, because of its easily accessible Τ 
(Τ =3.4 К). Unfortunately, indium condenses badly at room tempera­
tures; in order to have continuous thin films it is therefore neces­
sary to evaporate them at liquid nitrogen temperatures. The 'wetting' 
effect is much smaller, but it is still possible to obtain a wedge-
shaped geometry. In order to compare the critical field Η , of the 
wedge-line with the critical field Η ^ of the bulk of the film, an 
cf 
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indium film was evaporated on top of an oxidized aluminium layer to 
form an ΑΙ-ΑΙ.Ο,-Ιη tunneling junction. The tunneling experiment gives 
the bulk critical field of the film, while a simple dc-resistance ex­
periment leads to Η , of the superconducting wedge-line. 
The evaporation was carried out in a CVC-18 evaporator equipped 
with a conventional oil diffusion pump at a pressure of about 3x 10 
torr. A Varian Α-scope interferometer type 980/4000-4006 was used to 
infer the film thicknesses and to make an estimation of the wedge-
angle 2a. Electrical connections were made by means of evaporated Au 
electrodes and In solder. 
The measurements can be distinguished into resistance and tunnel­
ing measurements. For the resistance measurements, a constant dc-cur-
rent was sent through the film; the voltage along the film was am­
plified by a Keithley 147 nanovoltmeter and then fed to a Hewlett-
Packard XY recorder together with a voltage proportional to the applied 
magnetic field. The resistance transition induced by the sweeping mag­
netic field is used to determine the critical field of the wedge. The 
tunneling measurements are slightly more sophisticated. A home made 
apparatus supplies a dc-current which can be swept to obtain an I-V 
characteristic of the tunneling-junction. In addition, the current can 
also be modulated by an ас-current in order to get a dV/dl vs. field 
plot which is much more sensitive for the definition of the bulk 
critical field. The resulting ас-voltage is amplified by a Princeton 
Applied Research HR-8 lock-in amplifier. 
The magnetic field was produced by a Varian V-3900 conventional 
electromagnet in combination with a Fieldial Mark I power supply. The 
distance of the polar pieces of 7.5 cm and their diameter of 24 cm 
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guarantee a reasonable homogeneous field. It is also possible to sweep 
and rotate the field. 
The temperature was controlled with the helium vapour pressure. 
The pressure was stabilized by means of a mercury manostat (Manostat 
Corporation) and measured by a Wallace and Tiernan pressure gauge. The 
obtained stability was better than 0.01 K. 
III.4 Experimental results 
The problem in studying superconductivity along a wedge with 
simple dc-methods is in distinghuishing zero-resistance due to the 
quasi-one-dimensional superconductor from zero-resistance due to the 
bulk superconductor. A possibility of separating the two is looking at 
their angular dependence. We therefore measured the critical nucleation 
field as a function of the orientation of the magnetic field with 
respect to the film plane, characterized by the angles β and γ 
(Fig.III.2). As far as resistance measurements are concerned, such a 
system may be considered as a parallel connection of the 'bulk' of the 
film and its edges. As long as both or only one of the two components 
is superconducting, there is no resistance. The moment that both compo­
nents become normal, resistance appears. So, if the critical fields 
of 'bulk' and edges are different, the measured value will be equal 
to the upper one. 
To begin with we measured the critical field parallel to and nor-
12 
mal to the film plane, similar to the experiments of Newhouse 
In order to check the influence of the wedge-shape, two identical 
films were evaporated simultaneously, one of which was trimmed after­
wards with a razor-blade (Fig.III.7a). 
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Fig.III.7 Edges of films, (a) Cross-section of evaporated film, 
right hand edge is trimmed, (b) Simulation of a wedge 
with two plane parallel films of thickness d and d. 
(c) Fuzzing-out of edge. 
The orientation of the magnetic field which produced the highest crit-
ical field for the trimmed film was taken to be the parallel position 
for both films. Once this position is known, the normal position can 
be found easily by rotating the magnet over 90° . Recorder tracings of 
magnetic field induced resistance transitions of both films in parallel 
and perpendicular field respectively are shown in Figs.III.8 and III.9. 
The magnetic field where the resistance starts to deviate from the 
normal resistance is defined as the critical field. It is obvious that 
in the parallel orientation the critical field of the untrimmed film 
exceeds that of the trimmed film substantially, while the critical 
fields are almost equal in normal field. 
IU 
r^nfy'W^Wirflf' 
100 Oe Mdn^w 
trimmed 
Fig.III.8 Recorder tracings of resistance vs. magnetic field with 
the field in the plane of the film (γ = 90°), for a 
trinmed (6 = 45°) and an untrimmed (6 = 0°) film. Measuring 
current I = 5μΑ, temperature Τ =-0.84 Τ , thickness 
d = 7500"S. 
This can be explained in terms of our Η . theory. Let us look at the 
trimmed film first. The edges of the film are mechanically cut, which 
gives two new edges with angles 2a=90 . The orientation of the mag­
netic field is for both cases, parallel as well as perpendicular, given 
by γ = 90° , β = 45°. From the theoretical curves of Fig.III.4, where 
Η ,/H „ is plotted as a function of 6 for γ= 90°, we know that Η ,/H „ 
c4 c2 r c4 c2 
is roughly equal to 1 in this situation. As far as the 'bulk' is con-
13 14 
cerned, the nucleation fields are given by the Tinkham ' theory for 
thin films, which yields 
H
cfi = Hc2 
H
c f | |=/i2 (ξ/d) H c 2 
(111.42) 
(III.43) 
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100 Oe 
untrimmed 
Fig.III.9 Recorder tracings of resistance vs. magnetic field with 
the field normal to the plane of the film (γ=90°), for 
a trimmed (β = Α50) and an untrimmed (8 = 90°) film. 
Measuring current I=5μΑ, temperature T=0.84 Τ , thick­
ness d = 7500 X. 
Because the measured critical field of the film is given by the upper 
nucleation field of the two components, both critical fields are deter­
mined by Eqs. (III.42) and (III.43). So the edges do not have any in­
fluence on the nucleation fields. The situation is different for the 
untrimmed film. This one has edges with small wedge-angles 2a and its 
orientation in the magnetic field is characterized as follows: in 
parallel field γ » 90° , β = α = 0° ; in perpendicular field γ = 90° , β = 
90 - α= 90° . From the theoretical curves of Fig.III.4 it is clear that 
the critical field of the wedge in the perpendicular position of the 
field equals Η „. Because the 'bulk' is driven normal at Η „ as well, 
c2 c2 
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the measured perpendicular critical field of the film is H _. The ex­
periment (Fig.III.8) shows that the parallel critical field of this 
film exceeds the one of the trimmed film which is only possible if the 
nucleation field of the edges is higher than the field of the 'bulk'. 
From the experimental values of H , and H . and using the theoretical 
c4 cz 
results of Fig.III.4 we get a wedge-angle of 2a= 25 . It appeared to 
be rather difficult to determine the wedge-angle directly by optical 
means, because of serious fuzzing-out of the film at the edges (Fig. 
III.7c). Interferometric measurements suggest that 2a' is of the order 
of Io, while 2a is of the order of 10°. Summarizing we may say that 
apart from the size of the wedge-angle, the experimental results are 
in reasonable agreement with our Η , theory. It should be emphasized 
however, that this experiment does not prove at all the existence of 
Η ,. Fink's argument that the film is thinner in the wedge and there­
fore the critical field is higher, is of course very relevant. Our ex­
perimental results could equally well be explained by a step-like 
structure (Fig.III.7b) with a film of thickness d parallel to a film 
with thickness d, with the critical fields of films given by Eqs. 
(III.42) and (III.43). However, this is not true anymore when we vary 
the angle γ; therefore we will study this situation in some detail. 
The critical field of a 'bulk' film is independent of γ, while the 
nucleation field of a wedge is not. This is illustrated in the theoret­
ically calculated curves of Fig.III.5, for the special case β=0°. In 
order to check a γ-dependence the following experiment was carried out. 
A square indium film with wedge-shaped edges was evaporated. The 
geometrical situation and the orientation of the magnetic field are 
shown in Fig.III.10. 
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Fig.III.10 Geometrical situation for a square film. 
The magnetic field direction was such that for the edges a and b the 
orientation is given by γ » 90° , β variable, while for с and d the 
orientation is characterized by β » 90° - α = 90°, γ variable. Further­
more, γ for the pair (c, d) equals 6 for the pair (a, b). We will now 
denote as 'β' the angle β of the pair (a, b) as in Fig.III.10. 
A current I was passed through the diagonal of the film and the voltage 
V was measured over the other diagonal. The expected results as calcul­
ated from Eq. (III.36) are shown in Fig.III.11, where Η ./Η , is 
C4 C¿ 
plotted as a function of β for the pairs of edges (a, b) and (c, d) 
respectively, with 2o as a parameter. As can be seen from this figure 
there is a difference between the nucleation fields of both pairs as 
long as β < 60 . If we increase the magnetic field from zero, initially 
the whole film is superconducting and there is zero resistance and Zero 
voltage. When the field increases, the 'bulk' of the film is becoming 
normal, while the edges show a Η , effect and stay superconducting. 
This superconducting link between the voltage connections makes the 
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measured voltage remain zero. If the field is increased even more and 
the pair (a, b) is getting normal, while (c, d) is still superconduct­
ing, there will be a nonzero voltage across the film. When (c, d) also 
becomes normal, we' are again in a symmetrical situation where both 
voltage connections are equipotential points and the measured voltage 
is once again zero. So we expect the voltage across the film to be non­
zero only in that small range of magnetic fields where one pair of 
edges is normal and the other one superconducting. 
Fig.III.11 Theoretical curves of H ./H . as a function of 6 for 
ь
 c4 c2 
the two pairs of edges (a, b) and (c, d) for various 
values of the wedge-angle 2a. 
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As is obvious from Fig.III.11 this range is rather small, reaching a 
maximum at 6 = 0°, and disappearing at 6 = 60°. Experimental recorder 
tracings of voltage V vs. magnetic field H for different values of $ 
are shown in Fig.III.12. 
Fig.III.12 Recorder tracings of the diagonal voltage of a square 
film as a function of the magnetic field for various 
angles β. Measuring current 1=0.5 mA, temperature 
Τ = 0.86 Τ , thickness d * 8000 8. 
с 
As can be seen, these results are in very good agreement with the pre­
dictions. If one could be sure that the film is completely ideal, homo­
geneous etc., this would be a conclusive proof of the existence of H . 
сч 
because in that case a step-like model could not account for these 
results; there would be perfect symmetry for all fields and no voltage 
across the film would occur. In order to check the homogeneity of our 
film, we repeated the experiment after trimming the edges. An ideal 
film would be perfectly symmetrical by now and would exhibit no peaks 
in the V vs. H plot any longer. Unfortunately, this was not completely 
true; the peaks reduced drastically, but did not disappear completely. 
As to be expected, the film is not perfectly ideal; inhomogeneous parts 
of the film also lead to an asymmetric behaviour. But again most of the 
inhomogeneities inside the film can be considered as wedge-shaped 
structures where our Η , calculations should be applicable leading to 
the observed results. 
Finally we will describe an experiment to measure the angular 
dependence of the critical fields of the wedges and the 'bulk' сf a 
film separately. The most obvious way to do so is to evaporate two 
films simultaneously and trim one of them. However, because of the 
before-mentioned inhomogeneities one can neve^ be sure that both films 
are exactly identical. Another possibility would be to measure the 
critical field of a film with edges, then cut the edges and repeat the 
experiment. The first measurement gives the critical field of the 
wedges, the second the field of the 'bulk' film. However, the necessity 
of warming up the sample to room temperature in between the measure­
ments and creating new inhomogeneities during this cycling makes this 
possibility less attractive. Therefore we invented a method to measure 
12] 
both critical fields on one single film. We evaporated an Al film, let 
it oxidize and evaporated an In film with wedge-shaped edges on top of 
the oxide layer (Fig.III.13). 
SUL 
ITO" ТГ"^  
In film 
In film 
Al film 
Fig.III.13 Geometrical situation for a film, for simultaneous 
measurements of H . and H ,. I_ and V_ are current and 
c4 cf Τ Τ 
voltage connections for the tunneling measurement; 
I and V the corresponding connections for the 
resistance measurement. 
The critical field of the wedges can be measured just as before by 
means of the simple resistance measurements. Recorder tracings of dc 
resistance vs. magnetic field for different field positions are shown 
in Fig.III.14. 
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Fig.III.14 Recorder tracings of dc resistance vs. magnetic field 
as a function of β; measuring current 1-0.5 mA, 
temperature Τ= 1.87 К. 
As can be seen from this figure, the exact field, where the resistance 
reaches its normal state value, is hard to indicate. Therefore we take 
as the critical field, that value of the field, where the resistance 
has (arbitrarely choseii 98% of its normal state value. The nucleation 
field of the 'bulk' of the film was measured using a tunneling tech­
nique. Tunneling measurements on the A1-A1.0 -In junction show the 
well-known energy gap which disappears when the In film is driven normal 
normal by an external magnetic field. The critical field measured this 
way is a property of the 'bulk' film, because tunneling measurements 
(as contrasted with resistance measurements) offer a result averaged 
over the whole sample. This result will not be affected by the edges, 
because they form a negligible small part of the film. In addition, the 
distance between the edges and the junction area (a few mm) is much 
larger than the superconducting coherence length ξ. We measured the 
derivative of the tunneling voltage V with respect to the tunneling 
123 
current !„ at zero bias (dV/dl) _;. as a function of the magnetic field, 
as shown in Fig.III.15. 
OV 
Uè 
-25 Oe 0 »25 Oe 
Fig.III.15 Recorder tracings of the tunneling resistance 
(dV/dI) v_ n vs. magnetic field as a function of β; 
temperature Τ= 1.87 К. 
As can be seen from this plot, the (dV/dl)., _ vs. Η curves are rather 
asymmetric around H = 0, especially for intermediate angles (6 = 20°). 
The reason for this behaviour is not completely clear to us.- It can not 
bé due to deformation as a result of erroneous filtering in the lock-
in amplifier because in that case it would occur for all angles. 
Superheating in the film could be a possible cause for this asymmetry. 
However, we think that this effect does not disturb the Η . measure-
ct 
ments, if we consider Η , to be the value of Η at which (dV/dl),, . 
cr V=0 
reaches its normal state value for increasing, positive fields. During 
all these measurements the temperature was kept above the critical 
temperature of Al. We expect the angular dependence of the critical 
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field of the wedges to be described by our Η , model, i.e. by 
Eq. (III.36) for γ = 0° , as presented in Fig.III.3. In contrast, the 
nucleation field of the 'bulk' film should satisfy an equation proposed 
13 
by Tinkham 
Η „sin 8 Η „cos β 2 
-ψ + {-ψ ) =i ("i.") 
cfl cf|| 
where Η ., and Η .„ denote the perpendicular and the parallel critical 
cfl cf|| r r 
field. This equation can easily be proved on the basis of the Ginzburg-
3 15 
Landau theory. We will follow a calculation given by Tinkham 
A minimization of the Gibbs free energy difference ¿G of Eq. (III.9) 
with respect to Ψ leads to the first Ginzburg-Landau equation 
αψ + 3|ψ|2ψ + -L (-ihv-—) 2Ψ = 0 (III.45) 
zm с 
When studying the onset of nucleation, У is so small that the β|ψ| V 
term in Eq. (III.45) can be neglected and we arrive at the linearized 
Ginzburg-Landau equation: 
_L (_ihv-
2M)2Y = _0lf (ІІІ..46) 
/m с 
The film is supposed to be parallel to the yz-plane, χ being zero in 
the mid-plane of the film. The magnetic field is chosen to lie in the 
xz-plane, making an angle β with the plane of the film. We choose a 
vector potential A (rot A=H) given by 
Î- (0, Η (χ cos β - ζ sinß) , 0) (III.47) 
We assume that the film is sufficiently thin (d<Ç); in that case Ψ can 
be considered as being independent of x. Furthermore, we can safely 
take f to be independent of y, because y does not enter the differen-
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t i a l equation at a l l . Thus, Ψ i s a function of ζ (4' = Ψ(ζ)) a lone. 
I n s e r t i n g A of Eq. ( I I I . 4 7 ) in the l i n e a r i z e d Ginzburg-Landau equation 
( I I I . 4 6 ) , we obtain 
2 2 
_d_V+ ¿ÏÏH> ( x 2 c o s 2 0 + z 2 s i n 2 ß _ X 2 S i n 2 ß ) y = - a f ( I I I . 48 ) 2 '-φ ' dz о 
This equat ion holds a lso when averaged over the χ coordinate from 
2 2 
x = -d/2 t o x = d / 2 , using <x> = 0 and <x > = d /12. We a r r i v e at 
_ d V
 ( 2 I H 1 i n l )
2
z
2 Y = [ _ a . r H d c o s S ]
2
] ψ ( I I I i 4 9 ) 
dz '''o /3¥> 
о 
Eq. (III.49) is analogous to the Schrödinger equation for a harmonic 
oscillator. The highest field will be found for the lowest eigenvalue 
of the operator on the left hand side. Equating this eigenvalue 
(2irHsin ß/^ r,) to the right hand coefficient leads to 
2 2πΗ sin 8 πΗ d cos β 
_ ί
 α
_ (_JL )
 ( I I I.50) 
о /30 
о 
Substitution of the notations Η and Η . for respectively 6=90° and 
ci c« ν j 
0° yields finally Eq. (III.44). 
In Fig.III.16 we present the critical field of the 'bulk' film, 
measured by tunneling as a function of β. The curve labelled H
 r
 is 
ct 
given by Eq. (III.44) using Η , =H ,(90°) and Η .„ = Η ,(0°) as adjust-
ctl ct ctn ci 
able parameters. The agreement is very good, as is well known from 
14 
studies of Harper and Tinkham . Hence, we may conclude that the 
critical field of the 'bulk' of the film is well described by the 
Tinkham result for the critical field of very thin films. Then we 
will consider the critical field of the wedges. 
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H
c f(Oe) 
Fig.III.16 Experimental angular dependence of the critical field 
of a film as measured with a tunneling junction. The 
curve labeled H . is calculated from Eq. (III.44) and 
adjusted for 8 = 0° and 6 = 90°. 
The critical field of the wedges as a function of β, resulting 
from the resistance measurements, is shown in Fig.III.17. The curve 
labeled Η
 f was obtained from Eq. (III.44), again using H f(0°) and 
Η -(90°) as adjustable parameters. The curve indicated by Η . follows 
from Eq. (III.36), using Η ,(0°) and Η ,(90°) as parameters and a wedge 
angle of 2a=33.4°. It is obvious that the Η .-curve gives a better fit 
to the experimental data than the Η -curve, A comparison between 
absolute Η values obtained by resistance measurements and tunneling 
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can not be made due to the fact that the tunneling experiments do not 
give a very accurate absolute value of the critical field because of 
the broad transition due to pair-breaking effects. 
H
c 4(Oe) 
Fig.III. 17 Experimental angular dependence of the critical field 
of the edge of a film from dc-resistance measurements. 
The curve labeled H _ is calculated from Eq. (III.44) 
and the curve labeled Η , is calculated from Eq. 
c4 ч 
(III.36); both curves have been adjusted at β=0° and 
β = 90° . 
The thickness of the film can be determined interferometrically 
and from the superconducting properties as well. Interferometrically, 
we get 2800 A, while a determination from the experimental values of 
Η ,. and Η ,„ by means of a relation due to Tinkham 
cfi cfn 
13 
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6*> H ,, i 
А
'Ьг—2) ( Ι Ι Ι · 5 1 ) 
H
cf|| 
yields d=2500 A. Again the agreement is reasonable. 
In conclusion we would like to note that we certainly do not 
believe that we have proved experimentally the existence of something 
like Η , unambiguously. Most of our results can be explained by assum­
ing inhomogeneous parts in the 'bulk' of the films. However, we think 
we have shown that wedge-shaped geometries behave different from single 
film geometries in magnetic fields, and it may even be that most in-
homogeneous parts can be considered as wedge-shaped, where our Η , 
model could be applied. 
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CHAPTER IV 
DEPINNING AND THE PROXIMITY EFFECT 
IV.1 Introduction 
In 1963 Tinkham has shown theoretically that thin superconduct­
ing films in a perpendicular magnetic field behave like type II super­
conductors, irrespective of the constituent material. When the applied 
magnetic field has a value between H and H », the film will be in 
the mixed state and flux penetrates the film in the form of quantized 
vortices. The motion of these vortices has attracted a great deal of 
interest. Most of the studies have been done on the motion of the 
vortices due to a transport current in the film, but it is also 
2 3 
possible to move the vortices by a thermal gradient ' . If the film 
carries a current, the vortices will experience a Lorentz force per­
pendicular to both field and current and they might start to move. 
This flux movement induces an electrital field which leads to a voltage 
drop along the superconducting film. However, usually the vortices are 
not free to move; they will be pinned by irregularities like impur­
ities, dislocations, crystal imperfections, etc. It is not until the 
driving Lorentz force exceeds a 'pinning force' that the vortex array 
will be depinned. It is reasonable to assume that the pinning force 
will depend through the free energy on the order parameter Δ of the 
superconductor. Therefore, by acting on Δ through external means, one 
should be able to influence the depinning. 
The driving force is a function of transport current j and magne­
tic field H, proportional to j χH. Therefore, there are two obvious 
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ways to measure depinning: keep the field constant and sweep the 
current or reverse. There is however an important distinction between 
the two methods, because the pinning force is also a function of field 
(via the field-dependence of Δ(Η)) but does not depend very much on the 
current. To change the current with fixed magnetic field means changing 
the driving force only, while a variation in the magnetic field with 
fixed current causes a simultaneous alteration of driving and pinning 
force. As can easily be seen, the influence on both forces is in the 
opposite direction: an increase in the magnetic field increases the 
driving force while the pinning force is diminished. This leads to a 
much sharper transition to the flux-flow state with a sweep of the 
magnetic field than with a sweep of the current. This effect can ex-
4 plain the experimental results of Escher and Ginsberg which have not 
been understood until now. 
The investigations of depinning effects can be distinguished in 
measurements of the depinning transport current I, and determina­
tions of the depinning magnetic field H. . The most interesting con­
tribution to this field has come from Deltour and Tinkham , who have 
calculated and measured the magnetic field dependence of pinning as a 
function of the angle between field and film. In their case, Δ is 
changed with an applied field. Another possibility of influencing Δ by 
external means is the proximity effect. 
We have measured the influence of the proximity effect of a normal 
metal on the pinning force in a superconducting film. A layer of normal 
metal deposited on top of a superconductor will lower the supercon­
ducting order parameter Δ of the superconductor and consequently the 
pinning force. Similar effects have experimentally been studied before. 
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Martinoli has measured I, of In-Zn double layers and Escher and 
dep 
Ginsbere have determined H, of In-Tl sandwiches. In both cases In 0
 dep 
acted as the superconductor, and the magnetic field had a direction 
perpendicular to the film plane. We have measured H, of In-Zn proxim­
ity samples as a function of the angle between field and film. The 
angular dependence of the results will be compared, with the Deltour-
Tinkham theory. Furthermore a novel qualitative explanation of the 
influence of the proximity effect will be given in terms of an elabora­
tion of the Deltour-Tinkham theory. 
IV.2 Theory 
In the introduction we have seen that depinning occurs when driv­
ing force and pinning force equalize. In order to study this event we 
will examine both forces in more detail. The driving Lorentz force is 
in essence a mutual force between moving charges and magnetic field. 
The magnetic field can be decomposed in a vector parallel and a compo­
nent perpendicular to the film plane. The parallel one exerts no 
Lorentz force; as far as the driving force is concerned, we have to 
deal with the perpendicular component of the magnetic field only. The 
force acting on the flux pattern is proportional to perpendicular 
magnetic field and current and can be written as : 
F, . . = klH. = klH sine (IV. 1) 
driving 1 ' 
where θ is the angle between film and field. The coefficient к may be 
current dependent, but is a constant as long as we are working with a 
constant current. 
The pinning force is more difficult to analyze. In the first 
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place, one should realize that not necessarily all vortices have to be 
pinned. Because of the interaction between the vortices the pattern has 
a rigidity which demobilizes the whole system when only some of the 
vortices are pinned. Therefore, in order to understand the pinning of 
one single vortex, we consider a superconducting film containing one 
vortex and one pinning center. Both contain in essence normal areas, 
the free energy of which exceeds that of the superconducting parts. 
When the vortex and the pinning center coincide, the superconducting 
fraction of the film is larger than when they do not, and therefore 
the free energy is reduced. Thus, the situation where the vortex sits 
just on top of the pinning center is energetically the most favourable 
one. Going back to the real film, the stable situation is that position 
of the vortex array where the number of vortices which coincides with 
pinning centers reaches its maximum and it will take a certain force to 
move the vortex pattern away from that position. It is clear that this 
pinning force depends on the energy difference between the supercon­
ducting and the normal state. As long as Τ is close to Τ we can obtain 
this difference from the Ginzburg-Landau (GL) theory. According to 
this theory close to Τ , the free energy difference will be propor-
2 
tional to the square of the order parameter Δ . Therefore Deltour and 
Tinkham postulated F . . to be given by: 
pinning 
F . . =к ,Д 2 (IV.2) 
pinning m 
where Δ is the maximum value of Δ between vortex centers. It has to be 
m 
noted that k' can not be obtained within the GL theory because this 
theory does not include interactions between vortices and irregular­
ities. However, it is sufficient to know that k' does not depend on the 
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magnetic field. According to the GL theory, Δ can be calculated as a 
5 -*• -»• •* function of an oblique magnetic field Η » Η. + Η,, : 
о о Ни 2 Η, Η.. 2—1 
Δ 2- Δ
2(Τ)[1-(Χ.) ]g{(gL.)[l-(JL) ] } (І .З) 
с|| cl c|| 
where g denotes a unique decreasing function, Δ (Τ) is the zero field 
value of Δ, and Η „ and Η , are the parallel and perpendicular critical 
c|| cl 
field of the film. 
Now we are able to determine the threshold condition for depin-
ning. The equation F, . . =F . gives: driving pinning 
и 2 Η Η 2 — 1 
к і ^ = Κ'Δ
ο
2
 [1 - Q-) ] g{ ( / - ) [1 - ( J - ) ] } (IV.4) 
c|l cl c|| 
Introducing the function g (χ) =χ g(x) we get 
klH , H. H., 2 -1 
к'Л
 ¿
 ' Cd. c|| 
о 
For constant current I, order parameter Δ and perpendicular critical 
field Η , the left hand term of Eq. (IV.5) is fixed. This means that 
the threshold condition is equivalent to the statement that the argu­
ment of g is constant, i.e.: 
H. H,. 2 -1 
— ['-(if-) I »constant (IV.6) 
cl c|| 
Normalizing the depinning field H at θ - 90° , we get the relation: 
Η, (Θ) sine 
^ 1 (IV.7) 
Η, (Θ) cos θ 2 
H d e p < 9 0 ° > r i - ( - Í £ £ H ) 1 
c|| 
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This equatioir is now in a form which can be tested experimentally. 
It has to be noted that Eq. (IV.7) can also be written in a 
slightly different form as 
Η, (Θ) sin θ Η. (θ) cos θ 2 
Г (90") + Η^Γ- ) -. (І .в) 
dep c|| 
This form is identical with the equation, also due to Tinkham and 
based on the GL theory, which gives the angular dependence of the 
critical magnetic field of a thin film: 
Η (θ) s i n e Η (θ) cos θ 2 
^hr + Hhr—î - ' ( ι ν · 9 ) 
cl c|| 
(for a derivation of this equation, see section III.4). Therefore the 
angular dependence of H and H is identical. 
It has to be emphasized that the Deltour-Tinkham theory does not 
give direct values for the depinning field, but that the theory is 
limited to the angular dependence. It is impossible to calculate 
within this theory direct values for F . . and for Δ . 
pinning m 
"I 
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Fig.IV.1 Flux-flow in a thin superconducting film. 
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Until now we did not discuss the flux-flow state as such. This 
situation, where F, . . exceeds F . . and the vortex-pattern moves driving pinning 
was not the real subject of our experiments. We only have to know that 
if the pattern moves, a voltage drop appears along the film, parallel 
to the current. To understand this voltage let us look at the geometry 
shown in Fig.IV.l. For simplicity it is assumed that the magnetic field 
is perpendicular to the plane of the film. The vortices move because 
of the Lorentz force acting upon them. The direction of the Lorentz 
force is perpendicular to the current, so the vortices move also in 
this direction. When they reach the edge of the film they disappear 
and are replaced by new ones which are formed simultaneously at the 
opposite side of the film. This continuous flow of vortices causes an 
emf between the ends of the film. It is this onset of voltage which 
determines the depinning field. A very complete review on flux-flow 
problems can be found in reference 8. 
IV.3 Experimental results 
We have measured the angular dependence of H and H, of a super-
conducting In film and of In-Zn double layers, in the temperature 
region where the Zn film is in the normal sti'Le. The orientation of the 
magnetic field with respect to the plane of the film is shown in 
Fig.IV.2. The In-Zn combination was chosen because it is appropriate 
for proximity effect experiments; the two metals are immiscible and do 
9 
not form intermetallic compounds . At first In was evaporated with the 
substrate held at liquid nitrogen temperatures because this metal 
nucleates badly at ambient temperature. Then the substrate was warmed 
up to room temperature again and the Zn film was deposited without 
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breaking the vacuum. Finally, the edges of the film were cut mechanic­
ally to avoid spurious effects of these inhomogeneous parts. The In 
film had a thickness of 750 X and was covered with a Zn film of 0, 150 
and 450 8 thick respectively. The films were about 4 cm long and 2 mm 
wide. For all additional experimental details, we refer to Chapter III. 
Fig.IV.2 Geometrical situation for depinning field measurements. 
First we determined the transition temperature Τ of the samples, 
as the temperature where the resistance vanishes. The results are shown 
in table I. Then we have measured the critical field Η for a very 
small constant transport current I = 5 yA ata constant reduced tempera­
ture t = T/T =0.95, where Τ is the transition temperature of the 
с ' с 
sample in question. Η as a function of the angle θ between field and 
film is shown in Fig.IV.3 for all of the three samples. Finally, we 
have measured the depinning field, being the field corresponding to the 
onset of a measurable voltage along the sample for a constant transport 
current 1 = 5 mA, also at t = 0.95. The experimental results are shown in 
Fig.IV.4. The absolute and reduced measuring temperature, and Η and 
H. for 9 = 0° and 90° are also tabulated in table I. dep 
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Table I Critical temperatures and fields for In-Zn double layers. 
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Fig.IV.3 Angular dependence of the critical field Η of Xn-Zn 
double layers for various thicknesses of the Zn film; the 
dots are experimental points, the curves are calculated 
from Eq. (IV.9), adjusted at 0° and 90°; 1-5 μΑ, t=0.95. 
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Fig.IV.4 Angular dependence of the depinning field H. of In-Zn 
double layers for various thicknesses of the Zn film; the 
dots are experimental points, the curves are calculated 
from Eq. (IV. 8), adjusted at 0° and 90° ; I = 5 mA, t = 0.95. 
These are the experimental results. Since the theory does not give 
direct values for the depinning field it is impossible to make direct 
comparisons. However, we will compare the angular dependence of H, 
and we will explain in a qualitative way the influence of the proximity 
effect on H, . As far as the Η measurements are concerned, the dep с 
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angular dependence for the simple In film should be described by 
Eq. (IV.9). As we can see in Fig.IV.3, the agreement between the ex­
perimental results and the theoretical curves according to Eq. (IV.9) 
and adjusted at 9 = 0° and 6-90°, is rather accurate, not only for the 
simple In film (in agreement with the results of Harper and Tinkham ), 
but also for the proximity effect samples. On the basis of the de 
Gennes-Werthamer theory, Martinoli has already shown that the per­
pendicular critical field is decreased by the proximity effect, even 
at the same reduced temperature. Thus our experimental results agree 
with the theory also in this aspect. 
As has been shown by Deltour and Tinkham , the angular dependence 
of H, for the simple In film will be described by Eq. (IV.8), but it dep 
is not at all obvious that the same relation should also be valid for 
proximity effect films. However, from Eq.(IV.4)we can see that although 
Δ , Η and Η „ and maybe the constants к and k' are different for the 
o' ci c|| ' 
proximity film compared with the simple In film, the formula still 
remains the same. As a consequence, we may conclude that the angular 
dependence of the depinning field is not affected by the proximity 
effect. So the experimental results for the proximity samples should 
also obey Eq. (IV.8). The curves shown in Fig.IV.4 are obtained from 
Eq. (IV.8) and adjusted at 9 = 0° and 6-90°. As can be seen, the agree­
ment is reasonable. 
Another interesting feature of the depinning measurements is the 
fact, that H, decreases as the thickness of the normal Zn film dep 
increases. This is not trivial, because all the depinning fields have 
been measured at the same reduced temperature t = 0.95, which means that 
we have already taken into account the influence of the proximity 
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effect. However, it is possible to explain this effect in terms of our 
theoretical model. For clearness, we will use a simplified situation. 
Let us assume that the order parameter in the superconducting In film 
is constant but depressed from its bulk value, and equal to zero in the 
normal Zn film. This is certainly not completely true but close to the 
actual situation. Furthermore, we assume for simplicity the magnetic 
field to be perpendicular to the plane of the film, although our argu­
ment is also true for the more general geometry. In this approximation, 
Eq. (IV.4) reads 
к і ^ - к ' Л
о
2
8 (Hj^/H^) (IV. 10) 
In the normal film Δ = 0, so the current flow is entirely in the In 
film, which means that к has not changed due to the proximity effect. 
Another consequence of the vanishingly small Δ in the normal film is 
the fact that there is no pinning in this film, so k' remains unchanged 
as well. We will now analyze how Δ changes due to the proximity effect 
at constant reduced temperature. Therefore, we use the results of 
12 Skalski, Betbeder-Matibet and Weiss (see also chapter II ) for a 
13 paramagnetic diluted superconductor. Maki and Fulde were able to show 
that under certain conditions all pair-breaking effects, for instance 
the superconductor in proximity effect contact and a superconductor 
containing paramagnetic impurities, are equivalent. Hence we can use 
these theoretical results also for our situation. Skalski, Betbeder-
Matibet and Weiss have calculated numerically the order parameter as a 
function of reduced temperature for various values of a pair-breaking 
parameter. They find that for constant reduced temperature the order 
parameter decreases when the pair-breaking parameter increases, or 
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translated to our situation, when the normal film becomes thicker. 
Thus we may conclude that Δ is lower for the proximity films than for 
the simple In film. Finally we have to consider the influence of the 
proximity effect on the perpendicular critical field Η . . Our measure­
ments (Fig.IV.3) show that Η , is lower, the thicker the normal film, 
cl 
taken at the same reduced temperature. Because the function g is a 
decreasing function, the influence of the proximity effect as a whole 
is to lower the right hand term of Eq. (IV.10), which means that the 
threshold condition is reached at a lower value of H. . In other words, 
the depinning field H, is depressed by the proximity effect. 
In conclusion, we want to note that we have measured the angular 
dependence of the depinning field H, of In-Zn proximity samples. Due 
to the random and mostly uncontrolled character of the pinning force 
it is not possible to make direct comparisons between theory and ex­
periments. Nevertheless we think to have demonstrated experimentally 
and theoretically that the angular dependence of the depinning field as 
well as of the critical field is not affected by the proximity effect. 
In addition, we have explained in a qualitative way why at a constant 
reduced temperature the depinning field is lowered by the proximity 
effect. 
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SUMMARY 
In this thesis, three distinct types of experiments are discussed, 
having the common theme of superconducting films. 
The far infrared absorption of thin superconducting films under 
pair-breaking conditions is the subject of Chapter II. It has been 
known for a long time, that the pairing of electrons (Cooper pairs) is 
the basis of the phenomenon of superconductivity. It is also well-known 
that certain external perturbations, such as paramagnetic impurities, 
magnetic fields, electric currents and the so-called 'proximity effect' 
(a non-superconducting metal in good electrical contact with a super-
conductor) have a pair-breaking influence. However, very little experi-
mental work has been done in studying these effects by means of far 
infrared spectroscopy. This method gives more information about the 
microscopic properties of a superconductor than tunneling or critical 
temperature measurements. We have measured the far infrared absorption 
of superconductors under the influence of two different pair-breaking 
effects, i.e.: a superconducting film in a perpendicular magnetic field 
and a superconducting film in proximity effect contact with a normal 
metal. The experimental results are compared with the general pair-
breaking theory of Abrikosov and Gorkov (AG). It turns out that the 
agreement is rather poor, due to a spatial dependence of the supercon-
ducting properties in these pair-breaking situations, not contained in 
the AG theory. An extension of the AG theory, taking into account this 
spatial dependence, leads to far better agreement. 
In Chapter III we discuss the nucleation field of a wedge-shaped 
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superconductor. The critical or nucleation field of a superconductor is 
defined as the field where nucleation starts when the magnetic field is 
decreased. This field depends on the geometry of the superconductor. In 
particular, the nucleation field increases near an interface. We have 
calculated and measured the nucleation field of a wedge-shaped super-
conductor as a function of the orientation of the magnetic field. The 
agreement between theory and experiment is also good. 
Finally, in Chapter IV we report on the 'depinning of vortices' 
and the influence on it by the proximity effect. A magnetic field 
penetrates a thin superconducting film in the form of quantized vor-
tices (small non-superconducting areas). An electric current through 
the film exerts a Lorentz force on the vortices. When the Lorentz force 
exceeds the so-called 'Pinning force', the vortices will move. We have 
investigated the phenomenon of depinning as a function of the orienta-
tion of the magnetic field, under the influence of the proximity effect 
of a normal metal. 
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SAMENVATTING 
In dit proefschrift worden drie verschillende soorten van experi-
menten aan supergeleidende films besproken. 
De verre infrarood absorptie van dunne supergeleidende films in 
paarbrekende omstandigheden vormt het onderwerp van Hoofdstuk II. Het 
is al sinds lang bekend dat de paarvorming van elektronen (Cooper pa-
ren) de basis is van het verschijnsel supergeleiding. Het is eveneens 
al lang bekend dat bepaalde uitwendige verstoringen zoals paramagneti-
sche verontreinigingen, magnetische velden, elektrische stromen en het 
zogenaamde "proximity effect" (een niet supergeleidend metaal in goed 
elektrisch contact met een supergeleider) paarbrekend werken. Er is 
echter nog slechts weinig experimenteel onderzoek gedaan aan deze ef-
fecten m.b.v. verre infrarood spectroscopie. Deze methode geeft meer 
informatie over de microscopische eigenschappen van een supergeleider 
dan tunnelmetingen of kritische temperatuur metingen. Wij hebben de 
verre infrarood absorptie gemeten van supergeleiders onder invloed van 
twee verschillende paarbrekende effecten, namelijk een supergeleidende 
film in een loodrecht magnetisch veld en een supergeleidende film in 
proximity effect contact met een normale film. De experimentele resul-
taten worden vergeleken met de algemene paarbrekende theorie van 
Abrikosov en Gorkov (AG). De overeenkomst is niet zo goed, ten gevolge 
van een plaatsafhankelijkheid van de supergeleidende eigenschappen in 
dergelijke paarbrekende situaties, een plaatsafhankelijkheid die niet 
voorkomt in de AG theorie. Een uitbreiding van de AG theorie, rekening 
houdend met deze plaatsafhankelijkheid geeft een veel betere overeen-
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stemming. 
In Hoofdstuk III bespreken we het kritische veld van een wigvor-
mige supergeleider. Het kritische veld is gedefinieerd als het veld, 
waarbij supergeleiding begint op te treden als het veld van boven af 
wordt verlaagd. Dit veld hangt af van de geometrie van de supergelei-
der. In het bijzonder wordt tiet kritische veld verhoogd door de aan-
wezigheid van een wand. Wij hebben het kritische veld van een wigvor-
mige supergeleider berekend en gemeten, als functie van de oriëntatie 
van het magnetisch veld. De overeenstemming tussen theorie en experi-
ment is eveneens goed. 
In Hoofdstuk IV tenslotte komt de "depinning van vortices" en de 
invloed daarop van het proximity effect aan de orde. Een magnetisch 
veld dringt in een supergeleidende film door in de vorm van gekwanti-
seerde vortices (kleine niet supergeleidende gebiedjes). Een elektri-
sche stroom door de film oefent een Lorentz kracht uit op de vortices. 
Zodra de Lorentz kracht groter is dan de zogenaamde "Pinning kracht", 
die de vortices op hun plaats vast houdt, zullen de vortices gaan be-
wegen. Wij hebben het "depinning" verschijnsel onderzocht als functie 
van de oriëntatie van.het magnetisch veld, ónder invloed van het 
proximity effect van een normale film. 
148 
CURRICULUM VITAE 
Na het eindexamen H.В.S.-В te hebben afgelegd aan het Katholiek 
Gelders Lyceum te Arnhem in 1963, begon ik datzelfde jaar met de studie 
in de wis- en natuurkunde aan de Katholieke Universiteit te Nijmegen. 
In 1966 werd het kandidaatsexamen behaald en in 1969 het doktoraal-
examen, met als hoofdvak experimentele vaste stof fysica. Sindsdien 
ben ik als F.O.M, medewerker werkzaam geweest in de groep experimentele 
natuurkunde IV aan de Katholieke Universiteit te Nijmegen, onder lei­
ding van Prof. Dr. P. Wyder. Naast het promotie-onderzoek werd deel­
genomen aan onderwijs in de vorm van assistentie bij werkcolleges en 
praktika. 
149 
STELLINGEN 
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M.Tinkham, Phys. Rev. 129, 2413 (1963). 
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III 
In het overigens uitstekende boek van Jackson, Classical Electrodyna­
mics, wordt een onjuiste uitdrukking gegeven voor de transmissie van 
elektromagnetische straling door een cirkelvormige opening die groot 
is ten opzichte van de golflengte van de straling. 
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and Sons, New York (1975). 
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Meer informatie cmtrent de mogelijke oorzaak vain het lage thermische 
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vermogen van dit kristal. 
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pag. 346, Helsinki (1975). 
ν 
De metingen van Martin en Tinkham betreffende de verre infrarood ab­
sorptie van dunne supergeleidende films in een parallel magnetisch 
veld kunnen verklaard worden met een eenvoudig vortex model. 
W.S.Martin en M.Tinkham, Phys. Rev. 167, 421 (1968). 
VI 
Het verdient aanbeveling om nader te onderzoeken waarom in veel warm-
tepuls experijnenten de vorm van het ontvangen signaal en de vorm van 
het bronsignaal aanmerkelijk van elkaar verschillen. 
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VII 
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